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Abstract: This work presents a new control method to track the maximum power point of a single-phase grid-
connected photovoltaic (PV) system. This converter is built on two stages: a DC/ DC stage and a DC/ AC stage.
The two blocks are bound by a DC voltage intermediate bus. We seek the achievement of three control
objectives: (i) maximum power point tracking (MPPT) of (PV) module. (ii) tight regulation of the DC bus
voltage and (iii) unity power factor (PF) in the grid. To meet these objectives, a multi-loop controller is
designed using the sliding mode technique based on an averaged nonlinear model of the whole controlled
system. It is formally shown, through analysis and simulation results that the developed strategy control
actually meets its objectives.

Keywords: photovoltaic system, maximum power point (MPP), boost converter, sliding mode, unity power
factor, lyapunov.

1. INTRODUCTION
Due to the requirement for environmental preservation and dramatic increase in energy consumption
over the last decades, most countries have decided to strongly promote and develop clean and sustainable power
generation sources. Also, governments encourage resorting to such energy solutions through significant tax
credits.

Nowadays, renewable energy sources are widely used and particularly (PV) energy systems have
become widespread everywhere. Indeed, PV systems present several features e.g high dependability, simplicity
of allocation, absence of fuel cost, low maintenance and lack of noise due to the absence of moving parts. All
these considerations assure a promising role for PV generation systems in the near future.

The grid-connected PV systems consist of an array of solar module, a DC-DC power converter, a DC-
AC converter and a control system, the complete scheme is presented in fig 1
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Fig.1: General diagram of the PV single-phase grid system

Due to the switching functions of the converters and inverters, grid-connected PV systems are highly nonlinear
systems, advanced and efficient control schemes are essential to ensure the operation over a wide range of
operating points. Moreover, dependence of the power generated by a PV array and its MPP (maximum power
point) on atmospheric conditions (temperature and irradiance) necessitating continuous tuning array terminal
voltage if maximum power is to be transferred. This result is readily be seen in the power-voltage (P-V)
characteristics of PV arrays as shown in Fig. 4 and Fig. 5.

In the literature, different techniques to maximize (PV) power transfer to various loads have been
reported, including: perturb and observe (P&O) method ([1], [2]), the incremental conductance method
(IncCond) ([3],[4], [5]), the open circuit voltage method, the short circuit method, the Ripple Correlation
Control (RCC) method [6] and artificial neuronal networks based algorithms([7]-[8]), amongst others.

In the first method mentioned above, (P&O), the output power has an oscillatory behavior about the
maximum power point (MPP) which can be minimized by reducing the perturbation step size. However, a small
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perturbation size slows down the MPPT. Also, the equilibrium point is not always achieved, obtaining a local
maximum instead of a global maximum. The artificial neuronal network has an involved structure and a
singularity problem in (RCC) and (IncCond) methods

In this paper, a new control method for MPPT is proposed. A nonlinear sliding mode controller ([9]-
[10]) has been designed to track the maximum power point in the sense to extract the maximum power from
photovoltaic generator regardless of temperature and solar radiation. In addition, the control of the DC-AC
power inverter of the PV system has been designed to inject electrical power to the electrical network by means
of a PI control. So, the global control makes possible extract the maximum power of the PV system, inject
active power and regulate the input voltage of the DC-AC power inverter.

The rest of the paper is organized as follows: in Section II, the system modeling is presented; Section
IIT is devoted to the controller design; the controller tracking performances are illustrated through numerical
simulations in Section IV; a conclusion and a reference list end the paper.

1I. PRESENTATION AND MODELING OF GRID CONNECTED PV SYSTEM

The configuration of a single-phase grid connected photovoltaic system is shown in Fig 2, it consists of
a solar array, an input capacitor C;, a boost DC-DC converter which is used for boosting the array voltage and
achieving MPPT for PV array, a DC link capacitor C,., a single phase full-bridge inverter (including fours
power semiconductors) with filter inductor L,which converters a DC input voltage into an AC sinusoidal
voltage, and finally an isolation transformer. By means of appropriate switch signals u; and u,, the converter is
controlled to make the output current in phase with the utility voltage e;and so obtain a power factor (PF) of
unity.
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Fig.2: typical configuration of single stage grid connected pv system

2.1 Photovoltaic generator model

The direct conversion of the solar energy into electrical power is obtained by solar cells. The equivalent
circuit of PV module is shown in fig 3. (see e.g. [11], [12], [13]).
The traditional (Ip - Vp) ideal characteristics (i.e R, = 0, Ry, = o) of a solar array are given by the following
equation:

I, = I, — Io{exp(4V,) - 1} (1
Where
__1
YKT
A
L, = Usop + K1 (T — T,)] 1000

o= [ e[ (- 7)
o= lor 7] Pk \Tr 7T
Where 1, is the photocurrent (generated current under a given radiation), I, is the cell reverse saturation

current, Isog is the cell saturation current at T, I is the short circuit current at 298.15 k and IKW/m?, K is the
short circuit current temperature coefficient at Igpg. 4 is the solar radiation, E;, is the band gap for silicon, y is
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the ideality factor , T, is the reference temperature, T is the cell temperature, K is the Boltzmans constant and q
is the electron charge, the analytical expressions of I, and I, can be found in many places, see [9]. Here let us
just note that these only depend on the temperature T and radiation A. The pv array module considered in this
paper is the SMS55 type involving 36 series connected mono-crystalline cells and the array’s electrical
characteristics are described in tablel.
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Fig.3: PV module circuit

Tablel. Electrical specifications for the solar module SM55

Parameter Symbol Value
Maximum power Pm 55(W)
Short circuit current Iscr 3,45(A)
Open circuit voltage Voc 21,7(V)
Maximum power voltage Vm 17,4(V)
Maximum power current Im 3,15(A)
Number of parallel modules Np 1
Number of series modules Ns 36

The associated power-voltage (P-V) characteristics under changing climatic conditions (temperature and
radiation) are shown in fig 4 and 5.
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Fig.4: (P-V) characteristics of The PV module SMS55 with constant
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Fig.5: (P-V) characteristics of The PV module SM55 with constant temperature and varying radiation
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2.2 Overall system model

The control input u; and u, of the boost converter and for the inverter respectively are a PWM signals
(pulse width modulation) taking values in the set {0,1}, they vary from one period to another and their variations
can determine the trajectories of the state variables of the converter.
Applying the kirchoff’s laws, one obtains the following averaged model [14].

Cl'xl = —x2 + Tp (23)
Lixy = —(1 —py)x3 —1ixy + 21 (2.b)
Cdc'X'S =1 —pudx, +(1 - 2u2)_x4 (2.0
Lyxy = —(1 — 2up)x3 — 1yx4 — €4 2.d)

Where x;, %3, X3, %4, U, U, and T, denote respectively the means values, over a period of cutting of variables
Vp, Leis Vae, bgy M1, U and i,. And where 1; and 7 are respectively the equivalent series resistances (ESR) of input
inductance L; and output filter L,. The quantities u, y, , commonly called duty ratios, vary continuously in the
interval [0,1].

Note that the mathematical model (2a-d) is non linear because of the products involving the state variables and
input signals. Taking into account these nonlinearities, a nonlinear controller using the sliding mode technique

([91, [10]) will be done in the next paragraph.

I11. CONTROLLER DESIGN
The converter control strategy must be developed to:
1) Ensure a global stability of closed loop system
i)  Achieve the MPPT (maximum power tracking) side of the PV cell by setting the operating point
power/voltage
iii)  Ensure the setting of the DC bus voltage
iv)  Obtain unity power factor and low harmonic distortion at the output

3.1 Controlling the boost converter to meet MPPT
Recall that the control objective is to enforce the output power p(w) = v,i, to track as accurately as

possible its optimal point (Pyp, Vpep: ) Whatever the radiation (4) and the temperature (T). Specifically, if the

o dp . . . L
derivative y = dTP is made equal to y,.; = 0, then maximal power P,,, is captured. The control circuit must
p

steer the derivative y to zero, by acting on the duty cycle p;. At the optimal point, one has
iL
—=0,+v,-—L=0 3)
Yp

In this section, the purpose is to design a sliding mode controller (SMC). The basic (SMC) design procedure in
our case is performed in two steps. Firstly, the choice of sliding surface o according to the tracking error, while
the second step is the design of a Lyapunov function that can satisfy the necessary sliding condition g6 < 0.
During this sliding regime, the closed loop control system becomes insensitive to external perturbation signals,
modeling errors and parameter variations. Let us introduce the tracking error &; defined by

&1 =YV = Yref (4)
In view of (1), its dynamics is given by

. Al -

& = —rexp(Ax)(2 + Ax,)(T, - x,) *)

The second derivative of €; is given by
. Aig [4A - 2 di .
b= [E B+Ax)(T, — ) + @ +4Ax) (52— 4,)] 6)
In view of (2b), &; can be rewritten as follows
& =00+ A (7
Where
Al A - 2 di, 1
Ay= —C—?exp(Axl) [E- (B +4x)(T, —x;) + (2 + Axy) (d—:’ -5 (nixg + 2, - x3)>] ®)
And
A= % exp(Axy)(2 + Axy)x; ©)

Equation (7) shows that the output (y = ;Tp> has the relative degree of 2 with respect to the control input p; .
p
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The crux of (SMC) scheme is the definition of a sliding surface o along which the sliding motion is to take
place, this sliding surface is defined by:

o=& +Ag (10)
Where 2, is positive design parameter chosen such that the polynomial p(s) = s + A;s is Hurwitz and where s
denotes the Laplace variable.
If a control law enforces the trajectory such that the sliding surface ¢ = 0 holds true, then the tracking error
converges asymptotically to origin as prescribed by:

&+ =0 (11)
In order to demonstrate stability, we adopt the lyapunov candidate function given as:

v, = % o2 (12)
The time derivative of the lyapunov function in (12) can be computed as follows

V, =006 (13)
This suggests choosing the control law u, so that:

0 = —kysign(o) (14)

Where sign(o) denotes the sign function and k; being a design parameter. Indeed combinig (12) and (14) one
gets that:

V, = 06 = —k,osign(o) (15)
Which is a negative-definite function of o. Then the necessary sliding condition is verified and Lyapunov
stability is guaranteed.
Equations(7), (10) and (14) can be solved in order to determine the control variable, we obtain the following
controller

U = A1_1 (—!C15ign(0) — & —Ap) (16)
Indeed, with this choice, we have V; = —k;|o| < 0, which imply that the equilibrium o = 0 is globally
asymptotically stable.
The signum function design sign(.) induces a chattering phenomenon that is by no means suitable in practical
situations. The design function that is commonly used in the sliding mode practice include tanhifk,0) where
tanh denotes the hyperbolic tangent function and k is a high value. Particularly, recall that one has:

lim ., tanh(ky0) = sign(o) a7

3.2 Controlling the inverter to meet unity PF in the grid
3.2.1Unity PF objective
The unity PF objective means that the grid current i; should be sinusoidal and in phase with the (AC) grid
supply voltage &, . It amounts to ensuring current harmonics rejection. We therefore seek a regulator that
enforces the current x, to tack a reference signal x; of the form
xi = Be; (18)
When 8 € IR*
The regulator will now be designed using the sliding mode technique [10]
Consider the tracking error €, defined by
£ = Xy — X4 (19)
And the function
o, =5+, [ dt (20)
Where A, is a design parameter. The control objective is to enforce the system state to reach the sliding surface
0, and stay therein. Then the tracking error &, undergoes the equation:

éz +/‘12€2 = 0 (21)
The tracking objective thus reformulated suggests the following Lyapunov function

v, =507 (22)
On other hand, one gets from (20), that

0y = €24028 (22)
This suggests choosing the control law p, so that:

Us - —k, sign(o,) — Ay, + X5 +rix4 +e—9] (23)

X3 Lg L9

Where k, > 0 is a design parameter.
Indeed, combining (19) and (20) and (22), one gets:
V, = 0,6, = —k,0,sign(o,) (24)
Which is a negative-definite function of o,, Therefore global asymptotic stability is achieved and &, tends to
zero, and the (PF) is asymptotically achieved.
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3.2.2  DC bus voltage regulation
The aim is now to design a tuning law for the ratio £ in (18) in such a way that the DC bus voltage x, be
regulated to a given reference x; > 0, to this end, the following PI control law is used:

B =F(s)z (25)
Where

F(s) =k, +k; - (26)

Z=X;—X; 27

Where s denotes the Laplace variable.
The bode diagram of figure 6 shows the frequency response of the transfer function F(s).
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Fig. 6 Bode diagram of F(s)

The main results of the paper are now summarized in the following proposition.

Proposition 1. Consider the closed loop system consisting of the single phase grid-connected PV system, of fig.
1 represented by its averaged model (2a-d), and the controller composed of the control laws (16), (23) and (25).
Then one has the following results:

i) The closed loop system is globally asymptotically stable

i1) The tracking error €; vanishes exponentially, implying MPPT achievement.

i) The error x, — x5 converge to zero guaranteeing a tight regulation of the DC bus voltage.
iv) The error &, converge to zero ensuring a unity PF

IV. SIMULATION RESULTS
The performances, described by proposition 1 of the proposed nonlinear sliding mode controller are
now illustrated by simulation. The experimental setup is described by Fig.7 and is simulated using the
MATLAB software. The characteristics of the controlled system are listed in table II. The control design
parameter which proved to be convenient are given values of table III. The resulting control performances are
shown by Figs 8 to 11.
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Fig.7 Experimental bench

TABLE II. Characteristics of controlled system

Parameter Symbol Value
PV array PV model SM55
Boost converter C; 47(mF)
L; 3.5(mH)
T 0.65(Q)
DC link capacitor Cae 4.7(mF)
Grid filter inductor Ly 2.2(mH)
) 7 0.47(€2)
Grid Transformer ratio 22:220
AC source 220 (V)
Line frequency 50(Hz)

TABLE III. Controller parameters

Parameter symbol Value
Design parameter M 15
kq 10x10?
k, 3.5x102
Ay 15
Pl-regulator k, 1x107
k; 1
Desired DC bus voltage x3 30 (V)

Fig 8 illustrates the tracking results of controlled system in presence of temperature change. The change are
carried out between 288.15 K and 333.15K (15°C and 60°C), meanwhile the radiation 4 is kept constant, equal
to 1000W/m?. The figure shows that the captured PV power varies between 46.5W and 54.1W. These values
correspond (see fig. 4) to the maximum power point of the curves associated to the mentioned temperatures
respectively. It is observed that the extracted current 7, and i,; varies whenever the extracted power P(w) varies.
Fig (8) illustrate also that the DC bus voltage x5 is regulated to its desired value (30V). Fig (9) shows that the
grid current i, remains most time in phase with the supply voltage e;complying with the PFC requirement. The
current frequency is constant and equal to voltage e, frequency; its amplitude varies with the extracted power
value.

In fig (10), sliding control MPPT is tested under sudden change of radiation from 400(W/m?) to 1000
(W/m?). While the temperature is constant equal to 298.15K (25°C) which quite normal for space application. It
is seen that the captured power P(w) achieves the values 20.5W and 60W corresponding to the maximum power
point associated to the considered radiation (see Fig. 5). We can see also that the DC bus voltage x5 is regulated
to its desired value (30V). Fig.(11) shows that the current i; is sinusoidal and in phase with the source
voltage e, . which proves the required unity PF.
for all the results above, the sliding mode approach is able to maintain the output at optimum point and robust to
the variation of the external conditions. Furthermore, it can almost reach the theoretical maximum power of
known irradiance and temperature.
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Fig.8: MPPT behavior in presence of temperature change
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Fig 9. Unity PF behavior in presence of temperature changes
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Fig.10: MPPT behavior in presence of radiation change
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Fig 11. Unity PF behavior in presence of radiation changes

V. CONCLUSION
The problem of achieving MPPT in single phase grid- connected photovoltaic systems has been dealt

with. Based on the averaged model (2.a-d), a new control strategy has been developed using the sliding mode
approach. The developed controller is resorted to cope with the changing operating conditions (temperature and
radiation) and to remedy to disadvantages of (RCC), (INCOND) and (P&O) methods,

the sliding mode controller of proposition 1, guarantees the tracking objective despite the climatic conditions,
Simulation results illustrates that the controller provide excellent asymptotic stability, a good behavior, and a
perfect MPPT tracking. In future work, we will implement the control law on a real benchmark.
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