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Abstract- Under the partial shading effect, the photovoltaic modules are subjected to the non-uniform insolation. In this case,
the Power-Voltage curve contains several maximum power points (global and local maximums). In fact, the MPPT algorithms
such as P&O and IC, cannot distinguish the global maximum. Thus, a considerable drop in power is produced. To tackle this
problem, this article proposes a SLG-backstepping technique. This latter, sweeps the Power-Voltage curve, looks for the global
maximum power point, and generates the reference of optimal voltage. Then, the backstepping control was designed to pursue
the reference voltage by adjusting the duty cycle of the SEPIC converter. This algorithm was simulated on
MATLAB/SIMULINK environment, evaluated under uniform and non-uniform insolation and compared to the PSO with
backstepping control. In this latter, the PSO (Particle Swarm Optimization) serves to generate the voltage reference that
corresponds to the Global Maximum Power Point, while the backstepping controller tracks this voltage reference. According to
the results, the SLG-backstepping algorithm is accurate and has a fast convergence time is about 40ms until 50ms depends on
the shading pattern.

Keywords Backstepping control, Partial Shading Effect, Particle Swarm Optimization, Photovoltaic Panel, SEPIC Converter.

Nomenclature T;: Transistor of the SEPIC converter

Vi: Step increment of V.
C,.: Output capacitor Vine: Voltage increment
Cpy: Input capacitor V¢r: Filter capacitor voltage
D: Diode of the SEPIC converter Vour: Output voltage
Dgp;, Dgp;: Bypass diodes V,: The voltage that changes from 0 to V.
DC: Direct current V.es: The reference voltage
GMPP: Global Maximum Power Point V;: Thermal voltage
GMPPT: Global Maximum Power Point Tracking
Loy, Veen: Current and voltage of a photovoltaic cell. 1. Introduction
Ip;, It The input and filter coil inductances
Ly, V,u: Optimal current and voltage Unlike the fossil fuel energies (coal, oil, natural gas, etc.),
I,,: Irradiation whose stocks are non-renewable and limited in the human
K;, K3: The control parameters scale, the renewable energy is an inexhaustible, a non-
Ly, L,: The SEPIC converter coils polluting and an unlimited source. In fact, the photovoltaic
MPP: Maximum Power Point energy is the most used because it can be installed close to the
MPPT: Maximum Power Point Tracking consumer, which minimizes the cost and the power losses due
P-V: Power-Voltage to the transport of electrical energy.

PSO: Particle Swarm Optimization

PV: Photovoltaic

SEPIC: Single Ended Primary Inductor Converter
SLG: Sweep, Look and Generate

T: Temperature

The energy produced by the photovoltaic panel is not
maximal, because the power production depends on the load.
To overcome this problem, the power converter is necessary
to control the energy to be maximal whatever the load. For this
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reason, several techniques have been proposed. In fact,
Perturb and Observe (P&O) and incremental conductance (IC)
[1]-[2] are widely used for their simplicity of implementation.
But these algorithms cannot be accurate and fast at the same
time [3]. The nonlinear controllers proposed in [4]-[5]
accurately track the maximum power point (MPP). However,
these controllers cause a considerable drop of power when the
partial shading takes place [6].

Under the non-uniform insolation, the power-voltage
curve presents several points of local maximum and a single
point of global maximum [7]. Knowing that, the MPPT
technique cannot distinguish between the local and the global
maximum [8]. Therefore, it often causes the power losses.
Indeed, under the non-uniform meteorological conditions, the
current of the unshaded modules passes through the bypass
diodes of the shaded modules to protect them against the
hotspot heating [9]. But the bypass diodes create several
maximum power points in the P-V curve [10].

In [11], the Perturb, Observe and Check Algorithm (POC)
is proposed to improve the P&O algorithm and to make it able
to track the global maximum power point (GMPP). However,
the P&O algorithm is applied several times to locate all the
maximum power points available in the P-V curve. In [12], the
author has proposed the OC&P (Observe, Compare, and
Perturb) method to improve the POC algorithm. Here, the
comparison process was designed to look for the global
maximum (desired maximum). Then, the P&O algorithm was
applied only one time to oscillate around the desired
maximum. The PSO (Particle Swarm Optimization) algorithm
[13], is one of the optimization methods that are able to pursue
the global maximum. But this algorithm isn’t accurate and
tracks slowly the desired maximum.

In [14] and [15], two stages were proposed. The
measurement stage and the adaptation stage (BOOST
converter). In fact, in [14], the measurement stage was
controlled to generate the reference of optimal voltage. while,
in [15], the measurement stage was controlled to generate the
reference of the Global Maximum Power Point. Then, the duty
cycle of the second stage was adjusted to track the generated
reference. But the measurement stage is not preferable,
because it increases the installation cost and complexity.

The DMPPT (Distributed MPPT) and MIC (Module
Integrated converter) topologies, which are proposed in [16]-
[17]-[18], are more powerful than the methods previously
discussed. In fact, these topologies don’t require the bypass
diodes, and extract the power of each photovoltaic module
under uniform and non-uniform weather conditions [18]. But
these topologies are expensive and the installation cost
depends on the number of installed photovoltaic modules.

In this article, the SLK-backstepping technique is
designed to track the GMPP. Here, the SLK is an algorithm
which is proposed to look for the optimal voltage. This one
corresponds to the global maximum power point. In fact, the
algorithm detects any change of insolation. Then, it starts
increasing the reference voltage from 0 to V. by sweeping the
P-V curve. Therefore, the algorithm gives the optimal voltage.
The backstepping is a nonlinear controller that is designed to
track the optimal voltage of the PV panel given by the SLK

algorithm, using the DC/DC SEPIC converter. The SLK-
backstepping proposed algorithm allows to obtain a
photovoltaic system with an accurate tracking of the global
maximum and a fast response to any atmospheric changes.

This article is organized as follows: Section 2 presents the
proposed system and the photovoltaic panel and the SEPIC
converter modelling. In Section 3, the proposed technique is
well detailed. Section 4 is devoted to the simulation results.
Finally, the last section is dedicated to the conclusion.

2. Proposed System

As shown in Fig. 1, the proposed system consists of a
photovoltaic source, a DC/DC converter and a resistive load
of 150Q. In fact, two photovoltaic modules (Reference: Shell
SM55) have been connected in series. Table 1. shows the
electrical characteristics of Shell SM55 PV module. The
maximum power, generated under standard weather
conditions (Irradiation of 1000W/m* and Temperature of
25°C), is approximately 55SW. Thus, the power produced by
this photovoltaic source is 110W.
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Fig. 1. Proposed photovoltaic system.

Table 1. Electrical characteristics of Shell SM55 PV model

Parameters Values
Maximum power P 55W
Optimum voltage Vg for Py 17.4V
Optimum current Iy for Ppay 3.15A
Maximum current Iy, (Short-circuit current) 3.45A
Maximum voltage V. (open circuit voltage) 21.7V
Temperature coefficient K; of I, 1.4x107A/°C
Number of cells in series N 36

The SEPIC converter has been used for its many
advantages. In reality, against the Buck-Boost converter, this
converter makes it possible to have a non-inverted and
constant output voltage, and allows to have an input current
with weak ripples [19]-[20]. In addition, The SEPIC converter
is able to operate from I to V, by changing the duty cycle
[19]. Also, it is able to operate in Buck and BOOST mode
according to the duty cycle value [21].
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The proposed system has been modeled mathematically to
obtain the following state equations [21]:

1

Voy = —Ipy —=—1
PV CPV PV CPV L1

. 1 1
I = L_VPV - L_(l - d)(Vm + Vout)
1 1

. 1 1
Ver :C_1(1_d)IL1+dC_11L2 (1)

. 1 1
I, = dZVm -(1- d)EVout

. 1
Vour = E(lu‘l'hz)(l —-d) - mvout

2.1. Modelling of Photovoltaic Panel

In this study, a single-diode photovoltaic cell was
considered, see Fig. 2. The mathematical equation of a
photovoltaic module of Ns cells is as follows:

Vev + IPVRS) _ ] _ Vey +1pyRs 2)

Tey = Tpn =I5 [eXp (q ANGKT R
S P

With I,,; is the photo-current, Ig is the saturation current, Ng
is the number of photovoltaic module cells, A is the ideality
factor, K is the Boltzmann constant (1.3806503¢ **J/K), T is
the cell temperature in Kelvin, q is the electron charge
(1.60217646¢°C), R is the series resistor, Rp is the parallel
resistor and Vpy and Ipy are respectively the photovoltaic
panel voltage and current. The mathematical models of the
current I, and I are given in [22].
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Fig. 2. Single-diode photovoltaic cell.
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Fig. 3. -V model curves and experimental data of the Shell
SMS55 solar module at different irradiation, 25°C.
The photo-current is defined by the expression:

G 3)
Ipn = [Ipno + Ki(T = Tsr)] -

With Ggrc and Tgsrc are respectively the irradiation and the
temperature at the standard conditions (Ggrc = 1000W/m? and
Tsrc = 25°C), Lo is the photo-current measured under these
conditions, and K is the temperature coefficient of Isc.

The saturation-current Ig is written as follows:

1_1<T>3 E;. 1 1 4)
s = Iso Torc exp (qAK (TSTC T))

With Eg is the band-gap energy (Eg =~ 1.12eV for solar cells
of polycrystalline silicon) and Igo is the saturation current
measured at the nominal temperature T = Tgrc.

As can be seen in equations (2), (3) ad (4), there are five
unknown parameters to identify Rg, Rp, A, Iso and Iph. A is
considered equal to 1.3 [23]. Therefore, there remain four
parameters to identify, these constants were measured under
the standard conditions by using Table 1 and the following
expressions as given in [23] and [24]:

R + Rp
boo = (S5 e
P
[ = Isc
so=——3
V,
exp (2) — 1 (5)
(Vm + Rgl, — V0C> A
eXp v, “B-C
_ D(V;y = Rs(Isc — Ly) — V¢)
i D(Is¢c — L) = Vil
Where:
‘ q
A= VpViQLy — Isc)
B = D(VmISC + V;)c(lm - Isc)) (6)

C= Vt(VmISC - Voclm)
D= (Vm - ImRS)

The adjusted parameters are illustrated in Table 2. Fig. 3
and Fig. 4 show the mathematical I-V curve of a PV module
(Reference: SHELL SMS55) plotted with the experimental data
at five levels of temperature and irradiation. As can be seen,
the developed PV module fits the electric model behavior to
the experimental data. Therefore, the calculated equivalent
circuit works properly.

Table 2. Parameters of adjusted Shell SM55 PV model at
standard conditions

Parameters Values
Ideality Factor A 1.3
Series resistor Rg 0.3355Q
Parallel Resistor Rp 235.9Q
Photo-current Lo 3.455A
Saturation current Ig, 5.013 x 10°A
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Fig. 4. I-V model curves and experimental data of the Shell
SM55 solar module at different temperatures, 1000W/m”.

3. Proposed Technique

Under the non-uniform conditions of irradiation and
temperature, the P-V curve has several points of maximum
power (local and global maximums). The proposed technique
serves to locate the global maximum and the corresponding
(optimal) voltage. The backstepping is a nonlinear control that
is designed to follow the reference voltage by adjusting the
duty cycle of the SEPIC converter.

The flowchart, shown in Fig. 5, presents the proposed
SLG-backstepping technique. As can be seen, the algorithm
begins generating the voltage reference (V.), this one
gradually increases from 0 to V,. and returns the optimal
voltage value (V). While, the backstepping control follows
Vet

3.1. Sweep interval of the P-V curve

As Fig. 3 and Fig. 4 show, the open circuit voltage V. is
not constant and depends on the insolation. However, the
scanning process of the P-V curve must stop if V¢ has caught
V. To solve this problem, the following condition has been
proposed:

{VPV =V (7)
Ppv = Dx

Where Vy = 17V and P,= 5W. In fact, as shown in Fig. 6
and Fig. 9, when the condition (7) is true, it defines the voltage
nearest to V,.. When this voltage, which called superior
voltage Vg, is captured, the scan of the P-V curve ends. In the
other hand, the inferior voltage Vi,s was also defined to be 5V
instead of zero. Thus, these limits reduce the time of scanning
process of the P-V curve.

3.2. Partial Shading Detection

The SLG algorithm repeats the search for the maximum
global power point after any change in weather conditions. But
to detect the insolation change, one of the following
conditions must be fulfilled:

Ppy — Pmax < —-AP
Ppy — Pnax 2 AP (9)

With AP and AV are the partial shading detection thresholds.

No Yes
=0,Vipe = 0
opt inc — —
) Y Vg =,
@’ ICaIcuIate duty cycle using (26)|
ISend duty cycle to SEPIC converterl
Vi =10.2
IMeasure Vpy and IPVI
Yine = Vine + Vi Calculate Power
‘a Ppy = Vpy X Ipy
Yes | No
Vi = Vine Vi = Voc ¢ Check if
Pnax = Ppy (8) or (9)
Yes ¢
No Gotol Goto2
u=1
T

Fig. 5. Flowchart of the SLG-backstepping technique.
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Fig. 6. Sweep interval of the P-V curve.

3.3. Backstepping control

To design the backstepping control, it has to define the
output y and the reference yi.r to follow. Knowing that, this
nonlinear controller is designed to track the reference of
optimal voltage. Therefore, y will be the photovoltaic voltage
Vpy. While, y.r will be the reference voltage Vs.

The steps design of the backstepping control are as
follows:
Step 1: define the tracking error €;:

&1 =YV = Yref = Vpy — Vref (10)
The time derivative of &, gives:
& =Vpy — Vref (I
Thus:
N kA (12)
& = C - Vref
PV
Then, the following function is applied to ensure the stability:
1 1
V, = 5812 (13)
The time derivative of V, gives:
. . IPV - IL . (14)
Vi=¢6¢6 =¢ (C— - 'ref)
PV
The virtual control a; = (Ir;)¢ is chosen to allow the

stabilization of &;. Where (I )4 is the desired value of inductor
current. The virtual control o; would be:

Ipy — . 1
—PV L - Vref = _Klgl < 0 ( 5)
Cpy
With K; >0
Thus, a; is as follows:
@y = —CpyVrer + Ipy + CpyKi g (16)
Step 2:
52 = IL - 0.’1 (17)
The time derivative of &, is:
. _ 1 1 : (18)
& =Voy —— (1 = d)(Ve1 + Voue) — &4
Ly Ly
Where:
@y = FVpy + CpyKié; — CoyVres (19)
With:
dlpy _ dlpy dVpy (20)
PV 9t T dVpy, dt Fv
And:

dlpy

T E AL SCT
Woy  SANGKT S P\TANGKT

F

Here, to simplify calculations, F was calculated considering
that the series resistor Rg is negligible while the parallel
resistor Rp is infinite.

The Lyapunov function is applied as follows:

1 22
VZ = Vl + 5822 ( )
The time derivative would be:
VZ = Vl + Ezéz (23)
Knowing that:
. &€
V= ke - 85 (24)
Cpy
Consequently:
. &€
VZ = —Klé‘lz - g + SZéZ (25)
Cpy

The following condition must satisfied to allow converging
€, to zero:

€
Crv
With K; >0
So, the real control is:
& 1 27)
d= [L (—Ks +—+a)—V ]7+1
! 2y T PV 1Ver + Vour
Thus:
Vz = —K1£12 - K2822 < 0 (28)

Which ensures € = (g, €,) converges asymptotically to 0.
Thus, y converges to Vier.

4. Simulation Result

Two photovoltaic modules (Reference: Shell SM55) have
been connected in series and subjected to the different
meteorological conditions, as shown in Fig. 7. In fact, as can
be seen in this figure, from Os to 1.13s, the photovoltaic
modules were subjected to the uniform insolation level.
While, in the range 1.13s <t < 5s, the PV modules have been
subjected to the partial shading effect. The used parameters for
the photovoltaic system are as follows:

The SEPIC converter parameters:
Cpy =440pF, L, =0.35mF, L, = 0.35mF, C, = 440pF, Cyy =
740uF, R = 150Q.

The SLG-backstepping technique parameters are taken:
Ve =5V, AP = 0.006W, AV = 0.006V, K; =437, K, =209.

The PSO-backstepping technique parameters:
W = 01, C1 = 02, Cr = 1, Kl = 435, K2 =500.

Where ¢, and ¢, are the acceleration coefficients, and w is the
inertia weight.

688



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

M. Mokhlis et al., Vol.9, No.2, June, 2019

‘Temperature of the photovoltaic panel

Iradiation of PV module 1

Imadiation of the PV module 2

315K

B

880Win}

1000
20’
—n

i

-
0’
2
i’

S0

Temperature [K]

adiation [W/m?]

15K 3001

‘ 00N

- 3000’}
00Wim’

Fig. 7. Meteorological conditions.

Fig. 8 shows the produced photovoltaic power using SLG
and PSO algorithms with the backstepping control. As can be
seen, after any change of insolation, the proposed technique
follows the global maximum power point more quickly than
the PSO-backstepping technique. In fact, the PSO algorithm
is widely used, thanks to its simplicity of implementation,
lower cost and its ability to follow the global maximum power
[26]. But it has a drawback such as the parameter adjusting
difficulties [27] and slower convergence time.

As Fig. 9 depicts, the reference voltage increases from 0 to
Vo, then returns the optimal voltage. In other hand, the
photovoltaic voltage (Vpy) follows Vs without exceeding the
upper and lower limits (Vinr and V). As can be seen in this
figure, the search and tracking time of V is about 40ms. But
this time depends on the insolation level, in the worst case, the
follow-up time does not exceed 50ms.

Fig. 10-a shows the duty cycle of the SEPIC converter.
While, Fig. 10-b illustrates the current of the photovoltaic
panel. Fig. 11-a, Fig. 11-b and Fig. 11-c respectively depict

70
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5. Conclusion

A new technique has been proposed to track the global
maximum power point. This one is a combination of SLG
algorithm and bakstepping control. The SLG algorithm has
been proposed to provide the reference of optimal voltage, that
corresponds to the GMPP, whenever the insolation changes.
While, the backstepping control has been designed to track the
reference voltage by adjusting the duty cycle of the SEPIC
converter.

The SLG-backstepping technique was proposed to provide
fast and accurate tracking performance and to have a PV
system able to locate the global maximum. Knowing that the
PSO algorithm can also track the GMPP and return the optimal
voltage reference, for this reason, and to show the
effectiveness of the proposed algorithm, a comparison
between SLG and PSO was made. After testing these two
algorithms in MATLAB/SIMULINK environment and
associate them with the backstepping control, the results show
that the SLG algorithm can track the optimal voltage more
quickly than the PSO algorithm. Also, the proposed technique
can operate under all environmental conditions.
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