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Abstract— This paper involves the nonlinear control of single 

phase grid connected photovoltaic system with LCL filter. The 

control objective is threefold i) extracting the maximum power 

from the PV array by acting on the DC/DC converter (MPPT) ii) 

providing a current with sinusoidal waveform and in phase with 

the grid voltage by means of controlling DC/AC converter (power 

factor correction: PFC) iii) regulating the DC voltage to a desired 

value (VR). The whole system is described by 5
th

 order nonlinear 

mathematical model and controlled by using the backstepping 

approach and tools from Lyapunov stability. The simulation 

results have been performed through Matlab/Simulink 

environment and show that the designed controller meets its 
objective. 

Keywords-PV array; averaging model; backstepping technique;  

Lyapunov stability; MPPT; PFC. 

I.  INTRODUCTION  

Since, the world demand for electricity increase very 

quickly, and the progress of the power electronic, the 

photovoltaic generation connected to the grid has obtained a 

great attention to meet the rising electricity demand. Solar 

energy is considered to be one of the most useful natural 

energy sources because it’s free, and clean. In addition, the 

major advantage of the photovoltaic systems is to meets the 

basic power requirement of non-electrified remote areas, 

where grid power has not yet reached, also it can be used as a 

grid power sources for urban applications. 

For PV power generation, it usually consists of an array of 

PV panels and adaptation circuit that consists on a power 

chopper, power inverter and some filter. The maximum power 

point of PV panels can be tracked by means of regulating the 

PV voltage tanks to the DC/DC converter. Over the years, 

different MPPT techniques have been proposed for PV power 

generation. These methods mainly include the perturbation 

and observation method (P&O) [1], the incremental 

conductance [2], the hill-climbing search and some other 

special methods, such as fuzzy logic technique, neural 

networks. The P&O MPPT algorithm is mostly used, due to its 

ease of implementation.  

PV energy application can be divided into two parts: Stand-

alone systems that require a battery to store the energy and the 

PV grid connected systems used in high power application. 

The last system is gaining today the most interest over 

traditional stand-alone PV systems. 

In order to eliminate the harmonics distortion of current and 

voltage and to optimize the active power flow between system 

power sources and the grid, many control methods are 

proposed in [3], [4], [5], [6]. Indeed, [7] proposed a passivity-

based control, in [8], the Proportional Resonant (PR) 

controller and Multi Resonant Controllers (MRC) are 
developed. Besides the conventional methods, there are some 

more advanced control techniques like the genetic algorithms, 

the fuzzy logic and the artificial neural networks (ANNs) [9], 

which can readily incorporate human intelligence in 

complicated control systems.  

In this work, we propose the nonlinear control of the PV 

system connected to the grid using backstepping approach and 

Lyapunov stability tools. 

The content of this paper is outlined as follows. In section 

II, presentation of single phase grid connected. In the section 

III, a mathematic models of all system stage. In section IV, a 

controller design of the converters using a backstepping 

method. And the section V is devoted for simulation of the 

system with the conclusion. 

II. PRESNTATION OF SYSTEM 

Figure 1 shows the system configuration of the proposed 
single phase grid connected to the photovoltaic array, this 
system consist of a solar array, a DC/DC boost chopper used to 
increasing the voltage level of photovoltaic array and to feed 
DC side of the inverter. The last provides the energy to the 
grid. The LCL filter is used in order to minimize the harmonics 
distortion of current and voltage. 

 

 

 

 

 

 

Fig.1: single phase grid connected to the PV module 
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III. MATHEMATICAL MODEL 

A. Modeling of PV array 

Figure 2 shows the equivalent circuit of solar cell, it is 

formed by a photocurrent source, diode, parallel resistor pR , 

and a series resistor sR . Using Kirchhoff’s current law, the 

photovoltaic current equation can be represented as follows 

[10]:  
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where phI   and 0I  are the light-generated current at the 

nominal condition (usually 1000W/m² and 25 °C) depend on 

the temperature and irradiance, and saturation current of the 

cell which can be described as: 
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vK  : Is the open voltage/temperature coefficient. 

iK  : Is the short circuit current/temperature coefficient. 

 

 

 

 

 

Fig.2: Equivalent circuit of solar cell 

 

The PV array is a result of associating of sN  cells in series 

and pN  strings in parallel (each string has Ns cells series). In 

this case, the output current and voltage can be expressed as 

follows: 
 

V cellN sV m *  

I cellN pI m *  

The terminal equation for current and voltage of the solar 

PV array is mentioned below as described by many authors 

([11], [12]): 
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V t :  Is the thermal voltage. 

In this paper we use six modules in series to construct an 
array. Each module contained 54 cells connected in series. The 
table below represent the experimental parameters of the 
module, these parameters obtained from the datasheet of 
KC200GT. 

 

Parameter Value 

Max Power  200.143 W 

Short circuit current  8.21 A 

Open circuit voltage  32.9 V 

Max Power voltage  26.3 

Max Power current  7.61 A 

Num of parallel cells  1 

Num of series cells  54 

Table 1: PV modules paramters 

B. Modeling of the inverter and the filter 

A typical single-phase inverter has the structure shown in 

figure 3. It consists of a single-phase full-bridge where the 

switches can be IGBT or MOSFET. From the AC side, the 
converter is connected, in parallel with a grid through an LCL 

filter. The control input of the inverter takes the values in the 

set {-1, 1} 

 
 

 

 

 

 

 

 

 

 

 

Fig.3: Single phase inverter and L-C-L filter 

 

Applying the usual Kirchhoff’s laws to the above circuit 

one gets: 
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the switching function  of the inverter is defined as: 
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The obtained average model is the following: 
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where x1, x2, x3 and u2 denote the average values, over cutting 

periods, of the signals i1, ig, vg and µ2. In the system (1-3) the 

mean value u2 of  µ2  turns out to be the system control input.  

C. Boost converter modelling  

Figure 4 shows the basic circuit configuration of a boost 

converter. The equations that represent the instantaneous 

model of the converter during the cutting period T are the 

following: 
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 The average model is the following: 
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where 654 ,, xxx and 1u  denote the average values, of the 

signals dcpv viv   ,  , 0  and 1 . 

 

 

 

 

 
 

 

 
Fig.4: Boost converter 

IV. BACKSTEPPING CONTROLLER DESIGN  

The aim of this section is to design a controller that will be 

able to ensure: (i) global stability of the system, (ii) Power 

factor correction in the grid side, (iii) perfect MPPT, and (iv) 

DC bus voltage regulation. Figure 5 shows the structure of 

whole controlled system 

 
 

 

 

 

 

 

 

 

 

Fig.5: PV system with multiple controllers 

A. PFC controller 

The PFC objective means that the grid current ig should be 

sinusoidal and in phase with the grid voltage vg , therefore, the 

aim is to directly enforce the current 1x  to track a given 

reference current *
1x  of the form gvx 1*  where β  is a real 

signal to be defined later. Following the backstepping 

approach, a controller is designed in three steps based on the 
model (1-3), because the controlled system has the relative 

degree equal three with respect to the output signal 1x .  

 

Step 1 

Let us introduce the following current error: 
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*

1x  denotes the corresponding reference signal. Using 

(1), time derivation of 1z   yields the error dynamics:  
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   Consider the following candidate Lyapunov function: 
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111 zcV   and consequently the 

system is globally asymptotically stable (c1 is a positive design 

parameter). 

Using 111 zcz   and equation (7), one has: 
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In the above equation, if we choice x2  as a virtual control 

variable ( *
22 xx  ) so, we can find the following stabilizing 

function: 
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As 
*

2x  is not the actual control input, a new error variable 

z2, between the virtual control and its desired value
*

2x , is 

introduced: 
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Step 2: 

Using equation (2), Time derivation of 2Z  is given by:   
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Consider the augmented candidate Lyapunov function: 
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If we choose 3x  as a virtual control input, one has the 

following stabilizing function:  
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As *
3x  in not the actual control input, a new error variable, 

3z  between the virtual control input and its desired value *
3x , 

is defined. 
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 In the same way as in step 1, dynamics of z2 and V2 can be 

rewritten as: 
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Step 3: 

The objective now is to enforce the error variables (z1,z2,z3) 

to vanish. To this end, let us first determine the dynamics of 

3z . Deriving (13) and using (3), one obtains:  
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We are finally in a position to make a convenient choice of 

the control signal 2µ  to stabilize the whole system with state 

vector is (z1,z2,z3). Consider the augmented candidate 

Lyapunov function. 
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Time derivative of  3V  is given as follows 
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Our goal is to make 3V  to be negative definite with the 

following choice: 

 

33
1

2
3 zc

L

z
z                                (1

where 3c  is a positive design parameter. Indeed, with this 

choice, the dynamics of Lyapunov function is reduced to: 
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Combining (13) and (14) one obtained the following control 

law: 
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Finally, the closed loop system is described in the (z1, z2, 

z3) coordinate by the following linear system: 
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B. PV voltage controller design 

The control aim is to enforce the voltage 4x  across the 

solar panel to track a given reference voltage *
4x . To meet 

this objective we use the backstepping technique for 

controller design and the “perturb and observe algorithm” to 

generate the reference voltage signal *
4x . 

 

Step 1: 

Let us introduce the following current error: 

)( *
444 xxCz pv   

where *
4x  denotes the corresponding reference signal. Using 

(4), time derivation of z4  yields the following error dynamics:  
*
454 xCxiz pvpv                           

If we choose x5 as the virtual control input, then the stabilizing 

function (17) guarantees the global stability of the subsystem 

(16) with respect to candidate Lyapunov function 2
41

2

1
zw  . 

Indeed, its time derivative is given by 2
441 zcw   where c4 is a 

positive design parameter. 
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As *
5x  is not the actual control input, we define a new error 5z  

between the virtual control and its desired value *
5x . 
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Using (17) and (18), dynamics of error z4 and Lyapunov 
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function w1 became: 
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Step 2: 

The objective now is to enforce the error variables ( 54 , zz ) 

to vanish, to this end, we determine the dynamics of 5z .Using 

(5) and deriving (18) one obtained: 
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We considered the augmented Lyapunov function candidate 
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where 5c  is a positive design parameter. Indeed, with this 

choice, the dynamics of Lyapunov function is reduced to: 
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Combining (19) and (20) one obtained the following control 

law: 
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Closed loop behavior of the subsystem under study is given as 

follows: 
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C. Generation of the reference voltage 

 

To ensure the correct operation of PV module at its 

maximum power point as the temperature, insolation and load 

vary, we use well known “perturb and observe algorithm 

(P&O). P&O is the most method used due to its simplicity and 

a fewer measured parameter, it has two input signals. They 

are, the PV voltage and the current, and one output signal 

which is a voltage reference that must be applied to the 

regulator. The algorithm steps are described as shown in the 

following flowchart [14]. 

 
Fig.6: P&O flowchart 

D. DC link voltage regulation 

 

To achieve the PFC, it is necessary to control DC link 

voltage to track its desired voltage reference, to do that, a 

simple PI regulator is required. 

PI transfer function is: 
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V. SIMULATION RESULTS 

In this section the controller that has been designed in the 

above section will be tested in the SimPower/Simulink/Matlab 

environment with the following system characteristics: 

0.3HL0  ;  05.00r ; 0.2mFCpv  , mHL 21  ; mHLg 2 ; 

 mr 51 ;  mrg 5 ; mFC 5 . 

The following values of the controllers design parameters 

proved to be suitable: 10000c1  , 440c2  , 290c3  , 8000c4  , 

90000c5  ,  10KHzFp   , τ1=25ms , k1=0.5 . 

The reference DC link voltage is fixed to 300 V. 
Figures 6.a-d shows some simulation results studies, which 

are selected to demonstrate the most significant aspects of the 

grid-connected system behavior. The simulation results have 

been obtained under standard climatic conditions (1000 W/m² 

and 25°C). The figures illustrate the response of the grid-

connected PV system in standard climatic conditions. It can be 
clearly seen that, in steady state, the PV generator provides the 

maximal power, which is equal to 880 W. Figure 6.a presents 

the evolution the injected current in the grid. Figure 6.b shows 

the PV voltage with its reference generated by the “P&O” 

algorithm. Figure 6.c show the DC link voltage   regulation is 

guaranteed. Figure 6d shows that the current and the grid 

voltage are in phase, and sinusoidal. As a result, a unit power 

factor is achieved.  
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Fig.6.c: DC link voltage  
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Fig.6.d: PFC cheeking  

VI. CONCLUSION 

In this paper an advanced controller is developed for PV 

grid connected system. The later is described by 6th order 

nonlinear averaged model. The controller design is made 

based on backstepping technique and Lyapunov stability.  

Simulations under Matlab/Simulink prove that the controller 

meet the performances, for which it was designed, namely: i) 

Global asymptotic stability of the all system ii) Perfect power 

factor in the grid iii) Maximum power point tracking. 
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