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This paper presents an intelligent monitoring control strategy for a maximum power point
tracking (MPPT) in photovoltaic (PV) system applications. The design of the proposed
nonlinear adaptive control law (AFBSMC) is formulated based on adaptive fuzzy systems,
backstepping approach and sliding mode technique to maximize the power output of a PV
system under various sets of conditions and parameters variation. Unlike many
conventional controllers, the main contribution of the present paper provides a soften
control law which useful to handle parameters variations due to the different operating
conditions occurring on the PV system and makes the controller easy to implement. This
aim is achieved using fuzzy systems in an adaptive scheme to approximate the switching
control function of the global control law while backstepping sliding mode control
compensates uncertainties and external disturbances. The analytical stability proof of the
closed-loop system is corroborated via Lyapunov synthesis while numerical simulations
of different operating conditions of a PV system is conducted to validate the effectiveness
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of the proposed approach.

1. INTRODUCTION

Renewable energy has drawn much attention in recent years
due to the high demand for green energy resources. The
importance of solar panels (solar energy system) is greater
nowadays as renewable sources since they exhibit many merits
such as producing clean electrical energy, little maintenance
and unlike other sources of renewable energy it has no
geographical restrictions.

Solar PV systems have complex configurations that consist
of components with nonlinear behaviors mainly due to the
weather varying conditions such as temperature, irradiance
and among others. These operating conditions are changed
significantly with time which requires an adaptive control
scheme to maintain adequate maximum power production in a
practical operating environment.

Therefore, ensuring maximum electrical power extraction
from photovoltaic systems, regardless of load changes and
environmental conditions, is the primary objective control
strategy, known as the Maximum Power Point Tracking
Problem (MPPT) [1].

Many methods have been developed to determine the
maximum power point (MPP) under all conditions [2-8].
There are numerous approaches, some of which are based on
the well-known perturb and observe (P&O) concept [2, 3],
others on the sliding mode control method [4, 5], artificial
neural networks or fuzzy based algorithms [6, 7], and
synergetic control [1, 7, 8].

Maximum power voltage (MPV)-based techniques using a
two-loop MPPT control system are proposed in Refs. [9-11].
The first loop determines the PV array's MPV reference, while
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the second regulates the PV array's voltage to the reference
voltage. The MPV reference search and PV voltage tracking
are repeated until the maximum power is obtained. A hybrid
technique consisting of two loops is presented in Ref. [12] to
track MPP more effectively. MPP is estimated using an
incremental conductance approach in the first loop. To
regulate the system to the searched reference MPP, a second
loop terminal sliding mode controller is constructed. Whereas
Dahech et al. [13] proposed backstepping sliding mode control
(BSMC) for the second loop. However, the main drawback of
the SMC is the chattering. We propose in this paper to
approximate discontinuous control using an adaptive fuzzy
system based on the universal approximation theorem to tackle
the problem of chattering mentioned in Ref. [13]. To ensure
the system's global stability, the parameter of the fuzzy system
is modified using an adaptation law based on the Lyapunov
synthesis.

The goal of this work is to develop an adaptive fuzzy
Backstepping sliding mode controller (AFBSMC) for MPPT,
in order to overcome the problem of chattering. The whole
system is modeled and simulated in Matlab/Simulink.
Simulation results prove and confirm the effectiveness of the
proposed approach in the elimination of the chattering.

The performance of this approach proves a high efficiency
compared to the BSMC. The remainder of this paper is
organized as follows. In Section 2, the MPPT system modeling
is presented. The design of AFBSMC is exposed in Section 3.
Section 4 uses numerical simulations to demonstrate the
controller's usefulness in tracking MPP. The paper comes to a
close with a conclusion.
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2. MPPT SYSTEM MODELING

Consider a boost type converter connected to a PV module
with a resistive load as illustrated in Figure 1.

DC-DC Boost Converter
Figure 1. MPPT system schematic
2.1 PV model

PV array is a p-n junction semiconductor, which converts
light into electricity. When the incoming solar energy exceeds
the band-gap energy of the module, photons are absorbed by
materials to generate electricity. The equivalent-circuit model
of PV is shown in Figure 2.

It consists of a light-generated source, diode (D), series and
parallel resistances [14].
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Figure 2. Equivalent model of solar cell

where Iy indicates photocurrent, which depends on the level
of light intensity, 1, (Photovoltaic panel current) is output
current, Vv is the PV module output voltage, R, is the
equivalent shunt resistance, and Rs is the intrinsic series
resistance.

In this work the PV module used is the KC200GH-2P. The
parameters of this module are exposed in Table 1.

Figures 3 and 4 show the PV characteristic under different
irradiance levels, and under different temperatures
respectively.

As illustrated in the figures, the open-circuit voltage is
dominated by temperature, and solar irradiance has
preeminent influence on short- circuit current (lsc). We can
conclude that high temperature and low solar irradiance will
reduce the power conversion capability.

Table 1. Parameters of the PV module KC200GH-2P

Parameter Value
Maximum power Pmpp 200 [W]
Short circuit current Iscr 8.21 [A]
Open circuit voltage Voc 32.9[V]

Voltage at maximum power point Vmpp  26.3 [V]
Current at maximum power point Impp ~ 7.61 [A]
P-N junction characteristic factor A 1.8
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Figure 3. PV characteristic under different irradiances levels
(temperature =25<C)
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Figure 4. PV characteristic under different temperatures
(irradiance = 1000 W/m=¢

2.2 Boost converter model

The converter is used to regulate the PV module output
voltage Vv in order to extract as much power as possible from
the PV module. Referring to Ref. [12], the dynamics of the
boost converter is given by Eq. (1):

dav, 1
pv
=—(1,—1

dt Cl(”" 1)
VY =TV ——— p L
dt L L(1+&)

R (1)
L \R;+R ¢ L
dVCZ_ 1_d 1

IL - VC2
at ¢ (1 N %) C;(Rc +R)

where, the three state variables Vy, IL and V¢, are respectively
the output voltage of the PV module, the inductor current and
the voltage of the capacitor C,. Vp is the forward voltage of
the power diode; d is the duty ratio of the PWM control input
signal; R is the load resistance.

By taking x(t) = [V}, (t) I,(t) V2 (£)]7, the Eqg. (1) can be
written in the following form [12].

av,, 1
T [ (o = 11)

di,
ar f1(0) + g1 (x) d(t) (2)

dVe,
—2 = £,(0+ 9, d®




where, x = [x; x, x3]7.
Eqns. (3)-(6) show the expression of the functions f;, f5, 91

and g,:
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3. DESIGN OF ADAPTIVE FUZZY BACKSTEPPING
SLIDING MODE MPPT CONTROLLER

To achieve MPP under the changing atmosphere, the Figure
5 illustrates the overall control structure. Here, I, and Vy are
measured from PV array and sent to the MPP searching
algorithm, which generates the reference maximum power
voltage V... Then, the reference voltage V.. is given to the
maximum power voltage based AFBSM controller for the
maximum power tracking.

o

.

DC-DC

Boost Converter

3+

A
/ Vo (£) dutty d(f)
L 4
Vier (t) MPV-based
MPP >
Searching | N AFBSMC tracking
Vo () controller

Figure 5. Proposed system
3.1 MPP searching algorithm

To achieve the maximum power operation, we use an
incremental conductance method to search the MPP voltage
/A

The power slope dP,,/dV,, can be expressed as:

dp, dl
v _ Ly + Vi pv
AV, avy,
When the power slope v — , e, Lpo —I”—”, the PV
dVpy dVpy Vo

system operates at the maximum power generation.
Therefore, the update law for V.., is given by the following
rules [12]:
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di 1
Veer = Vior(k — 1) + AV, for —22 > — 22
ref ref d[/;w V;w
Vier =V, (k—l)—AVfordipV<—Ip—V
ref ref i dev va

3.2 Backstepping sliding mode controller

To extract the maximum power from a PV panel a
backstepping sliding mode controller is designed. Where the
objective of this is to let the panel PV voltage V,, track the
reference maximum power voltage V,.. by acting on the duty
cycle d(t) of the boost converter switch.

The recursive nature of the propose control design is similar
to the standard Backstepping methodology. However, the
proposed control design uses Backstepping to design
controllers with a zero-order sliding surface at the last step
[13]. The design proceeds as follows:

For the first step we consider zero-order sliding surface
represented by following equation:

e =X — Xg4 (7)
where: x; = Vyf.

Considering an auxiliary tracking error variable:

e,=é +a, (8)
Let the first Lyapunov function candidate:

=)
The time derivation of Eq. (5) is given by the Eq. (10):

Vi=eé =e(e,—a) =—1e? +ee, (10)

The stabilization of e, can be obtained by introducing a new

virtual control a; Eq. (11), such that:

a, = 3.161, Al > 0 (11)

where A, is a positive feedback gain, such that a,; has been

chosen in order to eliminate the non linearity and

getting ¥, (s) < 0. The term e, e, of V; will be eliminated in
the next step, so the first sub system is stabilized.

For the second step we consider the following sliding
surface:

s=A,e,—e, (12)
The augmented Lyapunov function is given by Eqg. (13):
V=V, + (%) 52 (13)
Eqgns. (14)-(15) show the time derivative of V, :
V, =V, +5.8 (14)
V, = —Ae? +ee, +5.[A,(e; — A1) — &,] (15)

The Eqns. (16)-(18) represent the time derivative of e,:



éz = 'él + dl (16)
é; = ‘z:m — ¥yq + aq (17)
. 1 1. , .
6= —— (L@ + 6O + -l —Fa+d  (19)
1 1
One can obtain the Eq. (19):
. 1
§ =|22(e — Aey) + C [fi(x) + g1(x)d(®)]
! (19)

- C_llpy + )Eld - dl:l

We impose the following dynamic to the sliding surface:
s =—h. (s +f sgn(s)) (20)

sign(.) is the usual sign function., where h > 0 and 8 > 0.
Substituting Eqg. (18) into Eq. (15) we obtain:

Vz = _}\13% + 6162
+s [/12(32 —Aey)

1
- @@ D
1
1
+ C_Ilpv - 5€1d + al)
The control law is defined as:
A = d, (6) + —2—d_ (¢ 22
() = deg(®) + 5 dou (8) (22)
dsw () = —h(s + Bsgn(s)) (23)
where, dg,, (t) in the Eq. (23) is the switching control.
So we have:
1
@) = —[_f1(x) — Cidy(e; — Mep) + 1y,
gl(x) (24)
- Cljéld + Cldl - Clh(S
+ Bsgn(s)]
The Eq. (15) is developed to:
Vz = _/11912 + eje; — s[h(s + Bsgn(s)] (25)

Introducing the norm in the Eq. (25), we get the Eqns. (26)
and (27):

V, < —1.e2 +eje, — hs? — Bs| (26)

V, < —e"pe—plsl (27)

where, e = [e1 €] and P is a symmetric matrix defined as:

1
A +hA3  —hi, —=
P= 2
—hA L h
22
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This proves the decreasing of Lyapunov function, which
ensures that the closed-loop system is stable and robust.

This kind of sliding mode is certainly robust and stabilized
but has two major drawbacks. The first lies in the presence of
the sign function, where the control signal causes the
phenomenon of chattering. The second disadvantage lies in the
difficulty of the calculation of the constant 8, h. To overcome
these drawbacks several solutions have been presented in
literature [15-17].

In order to resolve this problem, we propose to modify the
following in the previous control law by using a fuzzy adaptive
system. By letting the sliding area has input to approximate the
term dg,, (t). The fuzzy kind of lathing allows elimination of
the phenomenon of chattering perfectly. At the same time as
the adaptive appearance is designed to approximate the
constant.

3.3 AFBSM controller of PV system

In this work we use the following If-Then rules [18, 19] to
construct the fuzzy logic system:

R;:If x, is Fiand ...andx, is F! then y is BL,i = 1,2,..,n

The fuzzy logic system with the singleton fuzzifier, product
inference and center average defuzzifier is written as follows:

i=1 0 H7=1 “F]? (xj)

s M ()]

y(x) = (28)

where,
x = [xg,..,%,]7 € R",uF}-(xj) is the membership of F;.

0; = r;zng ugi(y), let:
| HF]?(xj)
im1 [H;';l Kt (xj)]

§00) = [£1(0), §00), .., & ()]  and 6 = [6,6,, ..., 0,]".
Then the fuzzy logic system can be rewritten by the Eq. (30):

§i(x) =

(29)

y(x) =078 (x) (30)
The following Lemma, points out that the above fuzzy logic

systems are capable to uniformly approximating any

continuous nonlinear function, over a compact set (..

Lemma: [18-19].

For any given continuous function f(x) on a compact set
Q, c R™, there exists a fuzzy logic system y(x) In the form
(30), such that for any given positive constant .
SUPyea, lf () = y(@)| < &.

Then we propose to use a fuzzy system in the form (30)
which can approximate the discontinuous control d,, (x), this
latter is modeled by fuzzy system A(s). Then we have the
following Egns. (31) and (32):

de,(x) = 2(s) + 4z(x) (31)

2(s) = 67¢,(s) (32)

Such that: w = Az(x), is the approximation error.



So the control law is:

1 .
) = 9.0 [Ai() — CiAy(e; — Myey) + Lyy
— Cy%yq + Cray — €y 2(5)]

(33)

The augmented Lyapunov function is given by Eq. (34):

1
00,

V, =V, +<1) 2+
2=V 25 21,

(34)
The derivative of this latter introducing Eq. (31), is given by

Eqns. (35) and (36):

7 — 2
VZ - —/1161 + elez

+s. [/12 (e; — A1e9)

_ (_ % [fl(x) +9:(x) (deq (t))] (35)
1

+ 0,&(s) —2(s) + w +

i
, . 1 s
- xld + a1>] - _9;92
Mh
VZ = _Alef + e1e,

+ S. I:Az(ez - /1161)

1
- (-gla®

+ 0100 (deg )| —2) +w 30
+ %jw —¥q + dl)]
=07 [0, - n5.60)
Choosing the adaptive law as follow:
b, =n,5&(s) (37)
The optimal value of Z(s) is such that;
12*(s)l = Iwl (38)
The Eq. (34) is developed to:
V, <= =182 + eje, + |s|[=12*(s)| + Iwl ] (39)
V, < —eTQe—gl|s| > V, <0 (40)

where,
@ =12"(s)l — lwl.

e =1[e1 €;]" and Q isasymmetric matrix with the following
form:
1
M-
Q=1 4
—~ 0

This proves the decreasing of Lyapunov function, which
ensures that the closed-loop system is stable and robust.
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4. SIMULATION RESULTS

To validate the proposed approach, we used the PV module
KC200GH-2P, a boost converter and a resistive load.

We consider that the parameters of the boost are as follows:

L=121mH, R.=0.15Q, Rc = 39.6 Q, C; = 1000 F, C
=1000 uF,R=25Q,and Vp =0.82 V.

In this section we present the simulation results when
applying the BSMC MPPT controller [16] and the Adaptive
Fuzzy Backstepping Sliding Mode control law under different
atmospheric  conditions and load variation using
Matlab/Simulink.

In order to construct the fuzzy system for the signal, we
divide the discourse universe (the surface) in to three sets;
“Positive”, “Zero” and “Negative” which are associated with
the following membership functions Eqns. (41)-(43):

HUnegative (S) = 1/(1 + 8. exp(s - 01)) (41)
Hzero () = 1/(—exp(s/0.5)%) (42)
Upositive (S) = 1/(1 -8 exP(S - 0-1)) (43)

To deduce the signal h{S) we used the Three fuzzy rules:

RY:if s is Negative then Z2(s)=—C
R%:if s is Zero then 2(s)=0
R3:if s is Positive then 2(s)=C

4.1 Simulation results with standard operating conditions
Simulation results at Standard Test Condition: S=1000

W/m=2and T = 25<C for both types of control, BSMC MPPT
and the proposed AFBSMC are illustrate in Figures 6-9.
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Figure 7. Evolution of duty cycle d(t)
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For all the simulation results above, the fuzzy adaptive
backstepping sliding mode control approach is able to
maintain the output at optimum point and provides a good
performance but also rejects the chattering drawback appeared
in backstepping sliding mode control.

4.2 Simulation results under irradiation variations

For verifying the effect of changing irradiation conditions,
as shown in Figure 10. The temperature is considered constant

with a value of 25<C.
As shown in Figures 11-13 below, when the irradiance level

changes, the proposed controller can track quickly the
maximum power point (the response time of the AFBSMC is

0.02's).
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Figure 10. Irradiation’s variation
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During the simulation the trace of the operating point is
staying close to the MPP as shown in Figure 14.

4.3 Simulation results under temperature variations

For verifying the effect of changing temperature conditions,
as shown Figure 15. The solar irradiation is considered
constant with a value of 1000 W/m=

It is clear from Figures 16-18 below that the proposed
AFBSMC provides a good performance and proves a high
efficiency compared to the BSMC.

Figure 19 illustrates that the proposed controller follows the
trajectory of the MPP perfectly.
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4.4 Simulation results under load variations

To show the robustness of the proposed AFBSMC,
considering load change from 15 Q to 80 Q and from 80 Q to
45 Q under the Standard Test Condition (S=1000 W/m? and T
= 25<C), the corresponding results are shown in Figures 20-22.
It can be easily concluded that the proposed controller
achieves strong robustness and has satisfactory response under
these types of disturbance.

We constate that the AFBSMC not only performs its
principal motion to drive the dynamics of the system to operate
in the desired performance but also rejects the chattering
drawback appeared in BSMC.
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Figure 20. Load variation
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5. CONCLUSIONS

This paper develops an adaptive MPPT control algorithm to
extract and maximize the power created from PV system.
Hence, the design of the proposed controller is based on fuzzy

logi

¢ systems to generate a continuous time varying duty cycle

for a DC converter which is inserted between the PV system

and
deri

the load. Backstepping sliding mode methodology was
ved based on the Lyapunov theory to render the controller

more robust and to provide global system stability. The

effe

ctiveness and the robustness of the proposed approach

have been verified using Simulink software. The obtained
results show that the proposed control scheme is indeed
appropriate for experimental applications.
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