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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" 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.

. 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&QO) [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.
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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 (ANNSs) [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
11, presentation of single phase grid connected. In the section
111, 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.

Il.  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.
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Fig.1: single phase grid connected to the PV module
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I1l. 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 resistorR
and a series resistor R;. Using Kirchhoff’s current law, the

photovoltaic current equation can be represented as follows
[10]:

V+I1*Rg
Vi
where 1., and 1, are the light-generated current at the
nominal condition (usually 1000W/mz2 and 25 °C) depend on

the temperature and irradiance, and saturation current of the
cell which can be described as:

V+1*Rg
I =1ph—1,(Eexp( -1 -
ph— 1, (Exp( Vi )-D—( )

Ion = 1 +Ki (T =Te )*G/1000

I + Ki(T =Tt )
Voot Ky (T =Tpy)
n*v,

K, : Is the open voltage/temperature coefficient.
K; : Is the short circuit current/temperature coefficient.

I, =

exp( )-1

RS
ANA—

|
HORRS R,

2'
T

Fig.2: Equivalent circuit of solar cell

The PV array is a result of associating of Ny cells in series
and N, strings in parallel (each string has Ns cells series). In

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

Vm= Ns *Vcell
Im=Np *lcell

The terminal equation for current and voltage of the solar
PV array is mentioned below as described by many authors

([11], [12]):

Vm+|m&Rs Vm“'lm%Rs
|m:Np|ph_Np|O(eXp( . )-D- :
t &R
p
Np

vi: 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.
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Parameter Value
Max Power 200.143 W
Short circuit current 821 A
Open circuit voltage 329V
Max Power voltage 26.3
Max Power current 761A
Num of parallel cells 1
Num of series cells 54

Table 17 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:

di; .
E:lhvdc —Ve—hh
dig .
Lgﬁ_vc—vg Folg
dv
Cd—tc—ll—lg
. . o 1+, . m-1_.
with I=|.12*|1. And I = 22*|1 and |k2=2T*|1

the switching function of the inverter is defined as:

} { 1if (S1,S4) is ON and (S,,S;) is OFF
, =

-1 if (S1,S,) is OFF and (S,,S3) is ON

The obtained average model is the following:

Ly X =X —Vg—Tg X (1)
CXo=X3 =% 2
L1X3=U2 X =X, =1 X (3)
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where Xy, Xz, X3 and u, denote the average values, over cutting
periods, of the signals iy, ig, Vg and . In the system (1-3) the
mean value u, of Y, 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:
dev » )
PV gt 'pv'0
di .
0 d_g =Vpy ~ (A= )Vae —To Io
dv, . .
Cac d(:C =(1-w)ig—u iy
The average model is the following:
Cpv¥q =lpy — X5 (4)
CdCX6 = (1—U1)X5 —U2X3 (6)

where X,,Xs,Xgand u; denote the average values, of the
signals vy, ig, Vgc and g4 .
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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 bhus voltage regulation. Figure 5 shows the structure of

whole controlled system
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Fig.5: PV system with ?ﬁultiple controllers

A. PFC controller

The PFC objective means that the grid current iq should be
sinusoidal and in phase with the grid voltage v , therefore, the
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aim is to directly enforce the current x; to track a given

reference current x; of the form x* = vy Wherej isareal

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 x; .

Step 1
Let us introduce the following current error:

7 =Ly (% —x)

where XI denotes the corresponding reference signal. Using
(1), time derivation of z; yields the error dynamics:

=Xy —Vg —Tg¥ — LpyX (7)
Consider the following candidate Lyapunov function:

V, =0.527 (®)

Its time derivative is given by:

Vl = lel (9)
The choice 7, =—c;z; lead us V; =—c;z2 and consequently the

system is globally asymptotically stable (c; is a positive design
parameter).
Using z; =-c;z; and equation (7), one has:

X2 —Vg —rg Xl_ L2XI :—Clzl
In the above equation, if we choice x, as a virtual control

variable (x,=x,) so, we can find the following stabilizing
function:

Xy =—C17; +Vg +Lg)'(f+rgxl (10)
As X, is not the actual control input, a new error variable

Z,, between the virtual control and its desired value X;, is
introduced:

2 =C(xp —X3) (11
Using (10) and (11), equations (7) and (9) become:

Z2

3 =—=%-Cizy
C
7z
V :g_c 22
C
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Step 2:
Using equation (2), Time derivation of z, is given by:

Z,=X3—X —CX, (12)
Consider the augmented candidate Lyapunov function:

V, =V, +0.523
Time derivative of V, is the following:

.z
v, = A2

2 .
C —C1Zy +237p

- Z .
The choice El+ 2, =—C,z, leads to:

vV, :_Clzlz —szg

If we choose x; as a virtual control input, one has the
following stabilizing function:

Xg=—12;/C—Cp 2, +C g+ X

As x3 in not the actual control input, a new error variable,

z3 between the virtual control input and its desired value x; ,
is defined.

23 = Ly (X3 —X3) (13)

In the same way as in step 1, dynamics of z, and V, can be
rewritten as:
2,=-7/C~Cy 2, +25/4
7 2 2
Vo=—0C21 —C 25 +2, 23/
Step 3:
The objective now is to enforce the error variables (z1,2,,23)

to vanish. To this end, let us first determine the dynamics of
z5. Deriving (13) and using (3), one obtains:

Z3=Hy Xg =% — Ly X; 1 X3 (14)

We are finally in a position to make a convenient choice of
the control signal p, to stabilize the whole system with state

vector is (z1,2,,z3). Consider the augmented candidate
Lyapunov function.

V3 =V2 +%Z32

Time derivative of V5 is given as follows

' 2 2 -
V3 =—Cizf —Cy25 +23(23 +22/Ly)
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Our goal is to make V5 to be negative definite with the
following choice:

23 +ZL—2 = —C3Z3 (15)

1
where c; is a positive design parameter. Indeed, with this

choice, the dynamics of Lyapunov function is reduced to:

. 2 2 3
V3 =—C7{ —C25 —C3Z3

Combining (13) and (14) one obtained the following control
law:

Mo =1/ X (—25/Ly —C3 Zg+ Ly Xg + 1 X3+ X5)

Finally, the closed loop system is described in the (z;, 25,
Z3) coordinate by the following linear system:

Z]_ —C :I./C 0 Zy
I |=|-YC -c YL |z,

B. PV voltage controller design

The control aim is to enforce the voltage x, across the
solar panel to track a given reference voltage x;. To meet
this objective we use the backstepping technique for
controller design and the “perturb and observe algorithm” to
generate the reference voltage signal x; .

Step 1:

Let us introduce the following current error:
24 =Cpy(Xs —X3)
where x; denotes the corresponding reference signal. Using
(4), time derivation of z4 yields the following error dynamics:
24 =ip—X—CpXy (16)
If we choose xs as the virtual control input, then the stabilizing
function (17) guarantees the global stability of the subsystem

(16) with respect to candidate Lyapunov function Wﬁ%zf-

Indeed, its time derivative is given by W, =—c,zZ where ¢, is a
positive design parameter.

X5 :C4Z4+ipv_vaX4 (17)
As x; is not the actual control input, we define a new error zg
between the virtual control and its desired value x; .

25 = Lo (X5 — %) (18)
Using (17) and (18), dynamics of error z, and Lyapunov
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function w; became:

2, =—C424 - 75/l

: 2
Wy =—C425 24 25/ Ly

Step 2:
The objective now is to enforce the error variables (z4,z5)

to vanish, to this end, we determine the dynamics of z5 .Using
(5) and deriving (18) one obtained:

25 :—r0X5+X4—(1—ﬂ1)X6—LOXg (19)

We considered the augmented Lyapunov function candidate
W, =W, +%252
The time derivative of w, is given as follows:

. . z
W, =Cyz§ +125 (25 — %)
Ly

weput:  —Cgzs =—%+z’5 (20)

where c¢s is a positive design parameter. Indeed, with this
choice, the dynamics of Lyapunov function is reduced to:
W, =—C,22 —cyz2

Combining (19) and (20) one obtained the following control
law:

#a =11 X (ToXs + X4 =24/ Lo +Cs2s + Lo¥s)
Closed loop behavior of the subsystem under study is given as
follows:

—-c, -1/L
Z5 Z5
Yo -
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&0O). 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].

www.ijcit.com

Volume 03 — Issue 05, September 2014

Vpv(k). T pv(K)

Yes » No

va=
Vi (k) - deaV py

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 Pl regulator is required.

PI transfer function is:

F(s)=k (1+1715)
7S

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:
Lo=03H; 1y =0.05Q;Cp, =02mF, Lyj=2mH; Ly=2mH;

rn=5mQ; Iy =5mQ; C=5mF.

The following values of the controllers design parameters
proved to be suitable: ¢; =10000, ¢, =440, c5 =290, ¢, =8000,

Cg =90000, Fp =10KHz , T1=25m5 s 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/m?
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&0O”
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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nonlinear averaged model. The controller design is made

50 . . -
::;erfed based on backstepping technique and Lyapunov stability.
a0 ] Simulations under Matlab/Simulink prove that the controller
meet the performances, for which it was designed, namely: i)
30 1 Global asymptotic stability of the all system ii) Perfect power
factor in the grid iii) Maximum power point tracking.
20H g
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VI. CONCLUSION

In this paper an advanced controller is developed for PV
grid connected system. The later is described by 6" order
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