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This paper presents an efficient Maximum Power Point Tracking (MPPT) controller for
photovoltaic modules. The MPPT technique consists of a combination between
backstepping controller and artificial neural network (ANN).The (ANN) has been employed
to generate the optimum voltage, which corresponds to the maximum power voltage
delivered by photovoltaic modules, while the backstepping controller is developed to track
the generated voltage, by computing the duty cycle of the Single Ended Primary Inductor
Converter (SEPIC). The control of the boost converter is based on Lyapunov stability
analysis, and an integral action is added to increase system robustness. In order to prove
the accuracy of the developed control a comparison between the proposed method and
sliding mode was carried out. In addition the stability was evaluated under sudden variation
of environmental conditions. The simulation was carried out in MATLAB sofiware, the
results shows that the proposed controller tracks the reference voltage within 25 ms, in
addition the systems reacts to sudden environments change with no oscillations, which
demonstrate the robustness of the proposed method.

1. Introduction

In recent years, the demand of electrical energy increases,
which reduces the reserves of the conventional resources and
increases the global warming, therefore the use of renewable
energies is the only way to reduce the dependence on fossil fuels
and ensure the energy security. In fact, photovoltaic energy is the
most popular renewable energy source, however, the output
power relies on weather conditions and the load. This led the
researchers to present various algorithms that make photovoltaic
modules operates in the maximum power point. Thus a various
Maximum Power Point Tracking algorithms with different
degrees of complexity and precision have been proposed in the
literature [1-3]. The perturb and the observe, and incremental
conductance [4], methods are often used due to their simplicity
and ease of implementation, however their main drawback is the
fluctuations around the point of maximum power.

Thus to overcome the oscillations issues and increase the
performance of the tracking a combination between direct control
methods and the nonlinear commands has been employed by the
researchers.
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In [5], Authors propose a maximum power point tracking
controller for hybrid Photovoltaic - Wind energy system. The
controller is developed by the combination of perturb & observe
and Sliding Mode. P&O loop is used for the computation of the
reference voltage, while Sliding Mode is designed to track this
voltage by generating the control signal. The proposed method
exhibits good convergence speed, but the main disadvantage is the
oscillations around maximum power point.

In [6], Authors present a control of a single-phase
Photovoltaic inverter using backstepping algorithm which track
the desired voltage generated by Perturb and Observe method and
adjust the duty cycle in order to operate in maximum power point.
The error between the output and reference voltage was
eliminated quickly, but some fluctuations have been observed in
the desired operating point.

In [7], Authors propose a maximum power point tracking
controller for Photovoltaic system. The controller is developed
by the combination of Sliding Mode and Artificial Neural
Network (ANN). The ANN is employed to generate the reference
voltage, while Sliding Mode is designed to track this voltage by
generating the control signal. The proposed method presents good
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performance; however, some oscillations is noticed around
maximum power point.

In order to overcome fluctuation issues around maximum
power point, this paper proposes a hybrid method, which consists
of a backstepping controller combined to the Artificial Neural
Network (ANN). The ANN is employed to generate the reference
voltage, while backstepping controller is designed to adjust the
duty cycle of the converter in order to track the desired voltage,
which corresponds to the voltage of the Maximum Power Point,

(Fig1).

In contrast of previous methods which adopt single diode
model, the photovoltaic modelling was carried out using double
diode model, as the modelling using single diode degrade at low
irradiance. In addition the present work doesn’t rely on any
simplification which can compromise the accuracy of the
controller modelling, furthermore the SEPIC converter was
employed since it offer more advantages instead of the traditional
converter.

The present paper is organized as follows. In Section 2, the
modelling of the PV system is presented. The Section 3, presents
the design of the proposed controller. The simulations and
discussions are illustrated in Section 4.

2. Modelling of PV system

The Photovoltaic system proposed in this paper consists of a
photovoltaic module connected to a resistive load through a
Single ended primary converter as shown in Figure 1.

Single ended primary inductor converter

PV module R (o D

VOut[:: C3 E R

v.,mlvczlvwllmll,,\lGlTl

Duty cycled(t)
G '4
> ANN Integral Backstepping Controller
T_) Vref

Figure 1: Illustration of the proposed Photovoltaic system.

Where Voo, V2, Vpy are the output voltage, the voltage across the
capacitor C, and the photovoltaic voltage respectively, I,y and I
are the photovoltaic and inductor 1 currents, While G and T are
respectively the irradiation and the Temperature.

The datasheet parameters of the polycrystalline photovoltaic
module KD 245 GH are presented in Table 1.
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Table 1: PV module datasheet

Parameter Value

Short-circuit current (Is) 8.91(A)
Open circuit voltage (Vo) 36.9 (V)
Maximum current (I ) 8.23 (A)
Maximum voltage (Vi) 29.8 (V)

Number of cells in series (Ns) 60

Temperature coefficient of current ( ki) 5.35x107
(A/K)
Temperature coefficient of voltage -0.133(V/K)

(Kv)

2.1. Modelling of the SEPIC converter

The SEPIC is an acronym of (single ended primary inductor
converter), which is a DC-DC converter capable to operate as
boost or buck mode [8], that offer the possibility to raise or
decrease the voltage at the output [9]. In addition the SEPIC
converter makes the PV system operate at its maximum power
point with 'weak current ripples [10]. Furthermore it can work on
any operating point by changing the duty cycle [11]. The
converter is modelled mathematically based on these states [12]
as shown in figure 2.

Iy I

- L 1
VPV[ ‘,7 ‘,' G L,
ILZ

Figure 2: SEPIC converter circuit, (a) Equivalent circuit switch is ON (b) switch
is OFF

When the commutator is on (u=1) as shown in figure 2-a. The
capacitor Cs supplies energy to the load and the energy stored in
the inductances increases, the inductor L1 is alimented from the
input while the inductor L, is feeded from the capacitor C,. The
representation of state space can be described as

d[Ll VPV
at T L, @)
dlp;  —Ve2
O T L @)
dvcz [LZ

it G, 3)
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When the commutator is off (u=0) as shown in figure 2-b.
The two inductors are discharged and the energy stored in the
capacitors increases. The representation of state space can be

written as:
dlL1 — VPV - VCZ - Vout (4)
dILZ Vout
L2 _ 5
dVez I
- 6

The combination between the two state spaces can be expressed
as:

dI u—1)V, u—1)V, Vi

u_ @ DVe (0= DVou  Vev -

dVe, (1 -wly;  ulp,
— s 8

dl, dVe, 1- u)Vout
2 9
dv, 1—u)l u— DI V,
_o=( )L1+( )Lz_ out (10)

where u=(0 or 1)
2.2. Modelling of the Photovoltaic module

In this work the modelling of a solar module is developed
based on double diode model which is illustrated in figure 3,
where the first diode describes the saturation currents due to
diffusion mechanism, while the second diode describes the
current due to recombination in the depletion zone.

e

el I
- | \LIOI ;I,IOZ Rs
() ! Y Rp v

Figure 3: Illustration of the double diode model.

The output current of a solar cell is represented by:

V+Rsl V+Rgl
=t = oy (exp (T52) = 1) = foa (e (55) = 1) -
V+Rg

LR (11)

Rp

The unknown parameters such as: ai,a,lo1,l02,Ipn,Rs and Ry,
are extracted using a combination between the equation of three
main operating points which are, the open circuit voltage, the
short circuit current and the maximum power point. The objective
is to find the equations of Iy, lo2, R, and Iy, which depend only of
Rs, al and a2. The value of series resistance (Rs) and ideality
factors (aj,az) are obtained using a fast iteration by adjusting
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simulated and datasheet powers [13]. The extracted parameters
are illustrated in Table 2.

The extracted parameters are integrated in a MATLAB
algorithm to plot V-I and V-P curves as shown in Figs. 4, the
simulation allow to predict the behaviour of the photovoltaic
modules in different meteorological condition, thus when the
temperature increases the open circuit voltage decrease while the
short circuit current increase slightly which result a loss of
generated power. On the other hand, when the solar irradiance
increases both short circuit current and the open circuit voltage
increase which raise the generated power.

Table 2: Extracted Parameters of KD 245GH module

Parameter Value
a 1.005879
az 1.994120
In (A) 8.931164
Toi (A) 3.906668x1010
To2 (A) 1.094485x107%
Rs(QY) 0.286199
Ry (Q) 120.495147
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Figure 4: Generated current and power at 25°C - 1000 W/m? (a), 75°C - 1000
W/m? (b) and 25°C - 400 W/m? (c)
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3. Proposed controller:

Figure 1 presents the schematic drawing of the proposed
controller, it consists of a combination between Artificial Neural
Network and backstepping controller. The ANN loop generates a
voltage reference for every solar irradiation and temperature,
which correspond to the maximum power point voltage, while the
backstepping controller tracks the generated reference by
adjusting the duty cycle.

3.1. Artificial Neural Network

Artificial neural network is a computational processing
model based on artificial intelligence that is meant to simulate the
functioning of a human brain , which consists of processing units
interconnected by nodes [14]. The ANN architecture consists of
three layers as shown in  Figure 5, The input layer receives
various forms and structures of information based on an internal
weighting system, the hidden layer is where artificial neurons get
an ensemble of weighted inputs and generates an output via an
activation function, while and the output layer receives data from
hidden layer and gives the results of the ANN [15, 16].

Hidden Layer Output Layer

Input

Figure 5: Proposed Neural network hierarchy

In this work the input layer was designed with two neurons,
irradiation and the temperature, a database of 158 cases was
created by increasing the irradiance by a step of 5 K from 278 K
to 333 K and changing the irradiance for each temperature from
200 to 1050 W/m?. The hidden layer was created with 100
neurons as shown in Figure 5. The output layer has only one
neuron which corresponds to the voltage at maximum power of
the 158 pair irradiance temperature.

3.2. Integral backstepping

The backstepping controller is designed to track the reference
voltage generated by the artificial neural network by adjusting the
duty cycle of the converter. The control law is generated based on
Lyapunov stability analysis. The design of the controller is as
follows:

The tracking error is defined as the difference between
photovoltaic and reference voltages:

e; = Vpv - Vref (12)
An integral action is added in order to improve the

tracking precision as follow:

e =e; + Aeyy (13)
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The tracking error becomes:

e =Vpv-Vref + )\f( Vpv - Vref )dt (14)
Where A is a positive constant

The modified Lyapunov function can be written as:

i=cef +oefy (15)
The derivative of the (15) with respect to time is:

V, =e; [( Vv = Vi) + Af( Vpv - Vref )dt (16)

To guarantee the asymptotic stability, the Lyapunov function has
to be negative definite derivative:

V; = —Kef 17)
where K| is a positive constant

The following equation is obtained:

[(\7pv — Veer) +Af( Vpv - Vref)dt [ = —K;e; (18)
The photovoltaic current is given by:

Ipy =Icq + Iy (19)

The derivative of photovoltaic tension can be written as:

. Ipy — I

Vyy = Pvc L1 (20)
1

The desired value of inductor current would be:

Ig = Ipy + Cy[(Kye; — Vier) + A J (Vpv - Vref )dt | (21)

where (I&=IL1)

The second error represents the difference between the inductor
and the desired current:

e; =11 -Iq (22)
The derivative of Lyapunov function with respect to the time can
be expressed as

) [(IPV‘(CLW _ vref> + Af(VpV —Vref)dt] (23)

By using equation (18) and (20) the above equation can be
written as

V1=e

. e.e
V, = —kje2 — —2 (24)
Gy

The time derivative of (22), using equation (9) can be written as:
. 1 1 .

€2 =L_ pv_]_‘_(1 —WVour +Vep) — Iy (25)

1 1
Where:
Iq = Ipy+Cy [(Kye; — Vier) + A (Vpv - Vref) | (26)
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The derivative of photovoltaic current with respect to the time can

be expressed as:

deV dVPV
=— 27
PV deV dt ( )

By differentiating the equation (11) with respect to the voltage the
derivative of photovoltaic current is obtained:

V+ R.I V+ R.I
: 101EXp( a1VST PV) IOZEXp( aZVST Pv)
ipy = [ -
v a;Vr a,Vr
L v,y 28
R PV )

P

In order to guarantee the asymptotic stability of the system and
the convergence of the errors e; and e, to zero, a composite
Lyapunov function V; is defined as:

1
The derivative of V, with respect to the time is:
VZ = Vl + ezéz (30)

By using equation (24) the derivative of V, can be expressed as:

. 1 1 . €1

U = —Kyek + & [ Vpy = — (L= W (Vouc +Ve) =l = 2| 31)
1 1 1

The time derivative of Lyapunov function has to be negative

definite:

1 1 . e
—Vyy —— (1 =w(Vout + Vo) — lg — 5 = —Kze, (32)
Ll Ll Cl
where K5 is a positive constant
The control law, which guarantees e, e> converges
asymptotically to 0, is given by:

=1 [v +L<K “ 1)] ! 33
u= PV 1| K2€2 C, d Vey + Vo (33)

4. Simulation results

In order to study the performance of the proposed method, a
simulation was carried out in Matlab software. The parameters of
the simulation are illustrated in Table 3.

Table 3: Parameters of the SEPIC

Parameter Value
Inductor 1 (L1) 2.5mH
Inductor 2 (L») 2.5mH
Capacitor 1 (Cy) 4500 uF
Capacitor 2 (Cy) 79 uF
Capacitor 3 (Cs) 2400 pF
Constant (1) 1
Constant (K;) 104
Constant (K3) 104
Load resistor (R) 50Q
Switching frequency (f) 7 KHz
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The system being simulated into different temperature and
irradiation condition as shown in Figure 6, During the first case
the [0s, 20s], the PV module is consider operating under the
irradiation of the maximum power point while the temperature
was raised to 318 K to simulate the temperature effect. In the
second case [20s, 40s], the irradiation drop smoothly from 1000
W/m? to 600 W/m? while the temperature decrease between two
consecutive levels from 318 k to 307 K. In the last case [40s, 60s],
the temperature is considered constant in 298K while the
irradiation increase among two successive stage to reach 1000
W/m? thus the PV module is considered operating in the
maximum power point.

320 ()]

M5

310

Temperature (K)

305

0 10 20 ] 40 50 60

Time (Sec)

1000 (b)

Irradiance (W/m?)

] 10 20 30 40 50 60

Time (Sec)
Figure 6: Temperature (a) and Irradiation (b)

Figure 7 shows that the variations in temperature and
irradiation cause a slight variation in voltage and a large variation
in current and power. By comparing the proposed method with
the method proposed by [7] it can be seen that the proposed
method bring reach the reference voltage in 25 ms, Figure (b),
with high accuracy, in contrast the proposed method in [7] reaches
the desired voltage with a delay of 60 ms with large oscillations.
In addition the obtained curves exhibit fast and good reactions
when sudden variation in temperature and irradiance occurs.

Figure 8 shows the output current, voltage and power of the
PV module generated at the output of the SEPIC converter using
the proposed method with the result proposed by [7]. As can be
seen from the figures (a), (b) and (c), the obtained curves using
sliding mode controller present large oscillations and the use of
the proposed method allow reducing significantly the magnitude
of the fluctuation, which guarantees good performance in the
maximum point tracking.
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Figure 8: SEPIC output Current (a), Voltage (b) and Power (c).

5. Conclusion

In this paper an integral backstepping controller for
maximum power point tracking is proposed. In order to increase
the performance of tracking the controller was developed by
combining backstepping controller and artificial neural network
(ANN). The photovoltaic modelling was carried out using double
diode model as the modelling using single diode degrade at low
irradiance, and in order to reduce the current ripples the single
ended primary inductor converter (SEPIC) has been employed.
The simulation has been done in Matlab/Simulink software, the
results show that the proposed method tracks the reference voltage
with good accuracy and fast convergence speed, in addition the
photovoltaic power reaches maximum power in less than 25 ms.
Furthermore the obtained curves show that there are no
oscillations in the output voltage, current and power. Thus the
proposed method presents a fast and stable reaction when the
environmental conditions changes, which confirms the
effectiveness and the stability of the proposed method.
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