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Abstract-In this paper, a new Maximum Power Point Tracking
(MPPT) control for a Photovoltaic (PV) system is developed
based on both backstepping and terminal sliding mode
approaches. This system is composed of a solar array, a DC/DC
boost converter, an MPPT controller, and an output load. The
Backstepping Terminal Sliding Mode Controller (BTSMC) is
used via a DC-DC boost converter to achieve maximum power
output. The stability of the closed-loop system is guaranteed
using the Lyapunov method. This novel approach provides good
transient response, low tracking error, and very fast reaction
against solar radiation and PV cell temperature variations.
Furthermore, chattering, which constitutes the main
disadvantage of the classic sliding mode technique is eliminated.
To show the effectiveness and robustness of the proposed control,
different simulations under different atmospheric conditions are
conducted in Matlab/Simulink.
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1. INTRODUCTION

Renewable energy sources are nowadays an important part
of power generation. Photovoltaic (PV) generation is one of the
most promising renewable sources since it exhibits many
merits such as availability, cleanness, little maintenance, and
no noise pollution. However, all PV systems have two
problems: very low electric-power generation efficiency,
especially under low-irradiation states and the interdependence
of the amount of the electric power generated by solar arrays
and the weather conditions. Load mismatch can occur under
these weather varying conditions and maximum power may not
be extracted and delivered to the load. This issue constitutes the
so-called Maximum Power Point Tracking (MPPT) problem
[1-4]. Many methods have been developed to determine the
Maximum Power Point (MPP) under varying conditions [5-7].
Some of them are based on the well-known principle of perturb
and observe (P&O) [8], others are based on sliding mode
control [9-12], on artificial neural networks, or on fuzzy logic
algorithms [1, 2, 7]. In [12-14], Maximum Power Voltage
(MPV) based approaches are developed using a two-loop
MPPT control scheme. The first loop is to determine the MPV
reference of the PV array and the second loop is to regulate the
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PV array voltage to the reference voltage. The procedure
repeats the MPV reference searching and the PV voltage
tracking until maximum power is reached. To track MPP more
efficiently a hybrid method consisting of two loops is proposed
in [15]. In the first loop, the MPP is estimated using an
incremental conductance method, and in the second loop a
terminal sliding mode controller is developed to drive the
system to the searched reference MPP. Authors in [16]
proposed the use of backstepping sliding mode control for the
second loop. The backstepping sliding mode control law is
based on the asymptotic stability analysis whilst the system
trajectories evolve to a specified attractor reaching the
equilibrium in an infinite time. Many authors have proposed an
alternative way to get a finite time convergence based on
terminal attractor techniques [15-18], providing high-precision
performance besides disturbance attenuation. Moreover,
chattering in BSMC remains the problem that has to be
overcome.

In order to avoid chattering, the major disadvantage in the
sliding mode methodology, various methods have been
proposed. One of them consists in replacing the sign function
by a continuous approximation in the vicinity of the sliding
surface. Saturation function or sigmoid function was used in
fuzzy logic to build the transition band [9, 21, 22]. The authors
of [22] proposed to vary the sliding gain using a fuzzy system
which adjusts the distance between the system and the sliding
surface. Thus, its value decreases as the system state
approaches the sliding surface. However, the ultimate accuracy
and robustness of the sliding mode are partially lost.

In this paper, a Backstepping Terminal Sliding Mode
Controller (BTSMC) is developed for MPPT. By using a
DC/DC boost converter in the power control circuit, the
BTSMC is proposed to drive the system to the MPV reference
in the second loop. Using this approach, finite time
convergence of the error is guaranteed and the chattering effect
is eliminated without losing robustness.

II. PV SYSTEM MODELING

A DC-DC boost converter constituting the heart of the
MPPT is inserted between the PV module and its load to
achieve optimum power transfer, as can be seen in Figurel.
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Fig. 1. Structure of the PV system.

The converter is used to regulate the PV module output
voltage V), in order to extract as much power as possible from
the PV module. Referring to [15], the dynamics of the boost
converter are given by:

v, 1
i e (= 12)
a, 1 R.(1-d)
P R
L[l+cj
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+(1-4){ R, —lec Vp(1-d)
L (R +R 2 L
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where the three states variables y, , I, and J are

respectively the output voltage of the PV module, the inductor
current and the voltage of the capacitor C, (i.e. the voltage
across the load). ¥, is the forward voltage of the power diode,

d is the duty ratio of the PWM control input signal, and R is the
resistive load.

By taking x(¢)= [va (1) I.(t) Ve, (t)JT , the set of
equations in (1) can be written in the following form [15]:
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III.  DESIGN OF THE BACKSTEPPING TERMINAL SLIDING
MODE MPPT CONTROLLER

The overall control structure is illustrated in Figure 2. Here,
iy and V,, are measured from the PV array and transmitted to
the MPP searching algorithm, which generates the reference
maximum power voltage V. Then, the reference voltage is
given to the MPV based BTSM controller for maximum power
tracking.

A. MPP Searching Algorithm

To seek the MPP voltage V,.; we use an incremental
conductance method [1, 15]. The power slope dp,, /dv,, can be

expressed as:

dP dl
e B e )
dv,, dv,,
dP .oodl 1
When the power slope —2~ = ¢, i.e —2~ = 2~ the PV

py dev Vv
system operates at maximum power generation. Therefore, the

update law for V., is given by the following rules [1, 15]:

dl I
of =V (K=1)+ AV, for —F=> L=

v, V
@

Vig =Vyor (k=1)=AV,  f ! Iy

= -1)=-AV, for <——=

ref ref . dev va

B. Backstepping Terminal Sliding Model Controller

The backstepping terminal sliding mode controller is
designed to extract maximum power from a PV panel. The
objective of the controller is to let the panel PV voltage V),
track the reference maximum power voltage V., by acting on
the duty cycle d(¢) of the boost converter switch. The recursive
nature of the proposed control design is similar to the standard
backstepping methodology. However, the proposed control
design uses backstepping to design controllers with a terminal
sliding surface at the last step [22-23]. The design proceeds as
follows:

For the first step we consider a zero-order sliding surface:

e=x-Vy (5

Considering an auxiliary tracking error variable:
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e, =¢+a; (6)

Let the first Lyapunov function candidate is:

1
KZE#

The time derivation of (7) is given by:

Vl =e ¢
=¢(e,—) (8)
= —llelz +e e

The stabilization of ¢ can be obtained by introducing a new
virtual control ¢, , such that:

o =he, A4>0 (9

where A, is a positive feedback gain, such that «, can be
chosen in order to eliminate the nonlinearity and getting
Vl (x) <0.

Equation (8) shows that, if the designed control law makes
e, converge, then ¥} (x) <0 which guarantees global stability.

In order to make e, converge in finite time and improve the
convergence rate and the steady-state tracking accuracy of the

system, the higher-order non-singular terminal sliding mode
surface is designed for e, as follows:

P

s=e, +ye?,

(10)

where y>0 is a positive constant that contributes to force the
error e, to converge to zero while p and g are positive impair
constants such that 1 < p/q < 2. This last inequality must be
enforced to avoid the inherent singularity in such types of
control. The surface selected in (10) is called Nonsingular
Terminal Sliding Mode (NTSM). It is used to realize a second-
order SMC, enabling to have s =s=§=0, often called higher-
order sliding mode. If the system converges on ¢, s converges

1<p/g<2,7>0

to zero, which means s()=0, ¢ >, then from (10), it can be
shown that e, and ¢, will converge to zero in finite time,
given by:

P=q

rla__P_|,
/ (p—q)| 5 (%)

The system will remain on the second-order sliding mode
(e2 =e, = 0), according to (11), and by selecting the

tS :tr +}/

(11

parameters p, ¢, and y one can adjust the convergence speed of
€, .

Discrete
1e-06 s.

C2
[Pev >
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BTSMS Controller II> >
C

Fig. 2.

C. Stability and Robustness Analysis

The stability and robustness issues of the controller are
addressed here by using Lyapunov stability theory as follows:

The augmented Lyapunov function is given by:

Simulink PV system model.

I,
=gst (2)

The time derivative of V, () is then:

(13)

V,=ss$
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To satisfy the Lyapunov stability condition, the input signal
control is designed as in (17):

d(r):ﬁ[dl ()+d, ()] & (x)20  (17)

where
d(t)=—f,(x)+1,, -CV,;+Ciay (18)

and

t 2_£J
d, (1)=C, J. liéz[ 1 +nsign(s) |dt
\rp

(19)

Equation (14) can therefore be developed to give:
(5
q

If s#0, as p and ¢ are odd and 1< p/qg<2 , then

Vz == 7’5‘%2 '77|S| (20)

&7 >0, which means ¥, <0. If s =0, we will consider
the two following conditions:

3,1]
e Ifz, #0,then V, =— 7£e'2[q 1|s| <0 and
q

e Ifz,=0, z, #0 then ¥, = 0 cannot be kept continuously.

Thus, according to Lyapunov stability theory, the system
can reach the manifold in finite time, for e, converges to zero

in finite time.

IV. SIMULATION RESULTS

The Simulink PV system model shown in Figure 2 was
selected to assess the performance and the effectiveness of the
proposed BTSMC controller. Fixed-step type and ode4 (Runge
Kutta) solver were the Simulink solver selection parameters.
The specification parameters for PV power generation are
given in Table I. The parameters of the boost converter used
are: L=12mH, R;=0.15Q, R=39.6Q2, C;=1000uF, R=25Q, and
Vp=0.82V. The controller parameters used are: y=50, #=0.01,
p=7, ¢=5. In this section, we present the simulation results
when applying the Backstepping Terminal Sliding Mode
control law.

TABLE 1. ELECTRICAL SPECIFICATIONS OF THE KC200GH-2P PV
MODULE
Parameter Value
Maximum power Pmpp 200W
Short circuit current /g, 8.21A
Open circuit voltage Voo 32.9V

Voltage at maximum power point Vmpp 26.3V

Current at maximum power point Lnpp 7.61A

P-N junction characteristic factor 4 1.8

A. Simulation Results with Standard Operating Conditions

The simulation results with standard operating conditions
(S=1000W/m?, T=25°C) are shown in Figures 3—6. From the
obtained results, it is clearly noted that V), reaches quickly the
desired set point V..

AY)
I
:
Pl
L

L (V) and V|

v
P
S
L

B 0 0005 001 0015 0@

L I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (sec)

Fig. 3. Evolution of V,, and V..
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Fig. 6. Evolution of duty cycle d(?).

The P,, achieves maximum power in a settling time of
0.008s. Moreover, it can be deduced that the proposed
approach presents good transient response, low tracking error,
and a very fast system reaction against set point change.
Figures 5-6 present a comparative study between the proposed
controller and the BSMC. When comparing these results, it is
obvious that the proposed method provides faster responses
while eliminating the phenomenon of chattering.

Solar irradiation E (W/m?)

0 01 02 03 04 0.6 0.7 08 0.9 1

05
Time (s)
Fig. 7. Solar irradiation variation.

B. Simulation Results under Solar Irradiation Rariation

It is known that meteorological parameters, especially the
temperature, do not remain constant all day long, but change
significantly. It is then worth investigating the influence of the
daily average temperature variation on the performance of the
optimized system. In order to evaluate the effect of changing

irradiation conditions, an irradiation ramp change was used as
shown in Figure 7. The temperature is considered constant with
a value of 25°C during the simulation tests. The performances
including V,,, L, P,y , and duty cycle are given in Figures 8-11.
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As shown in Figures 8-11, when the irradiance level
changes, the MPPT controller can quickly track the MPP. It
can be seen from the results that the proposed MPPT controller
follows the direction of the MPP perfectly.

C. Simulation Results under Temperature Variations

Simulations were carried out to evaluate the effect of
changing temperature (Figure 12). The solar irradiation is
considered constant with a value of 1000W/m’. The
performances including V,,, 1, P,,, and duty cycle are given in
Figures 13-16.
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Fig. 12.  Temperature variation.
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It can be seen in Figures 13-16 that when the temperature
changes, the MPPT controller can quickly track the MPP. The
proposed MPPT controller provides a good performance in all
simulation tests. Figure 17 shows that the trace of the operating
point stays close to the MPPs during the simulation.
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Fig. 17. characteristics under solar irradiation variation.

Vv = Ppy

D. Simulation Results under Load Variation

Considering load change from 25Q to 802 under the same
irradiance and temperature, the corresponding results are
shown in Figures 18-20. It can be easily concluded that the
proposed controller achieves strong robustness and has
satisfactory response under these types of disturbance.

In all the simulation results, the proposed BTSMC provides
a good performance. The proposed MPPT controller follows
the direction of the MPP perfectly and in finite time.
Furthermore, the elimination of the chattering problem permits
the smoothness of the control law.

V. CONCLUSION

In this study, a backstepping sliding mode control scheme
for MPPT of'a PV system has been developed, which integrates
the backstepping methodology and the terminal sliding mode
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control strategy. The combined strategies proved to have the
advantages of both the terminal sliding mode and the
backstepping approach. The parameters of the proposed
controller are adjusted using adaptation laws, based on the
Lyapunov synthesis in order to ensure, in the presence of
external disturbances, the stability of the closed-loop system
and the tracking performance is achieved in finite time.

The objective of the study was accomplished. Low tracking
error, very fast system reaction against solar radiation change,
and good transition response without overshoot was obtained.
Moreover, it has been shown that the chattering phenomenon
appearing in the classical backstepping sliding mode control
was reduced. Besides, the proposed algorithm provides a
shorter rise-time than the backstepping sliding mode control.
Future work will include the implementation of the algorithm
on a PV system using dSPACE1104 including a partial shading
influence study.
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Fig. 18.  Charge variation.
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