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High Performance MPPT based on TS Fuzzy-
integral backstepping control for PV system under
rapid varying irradiance — Experimental validation

Abstract

With the recent focus marked on energy efficiency and solar energy development, much
research is being dedicated to the development of enhanced maximum power point tracking
(MPPT) algorithms for photovoltaic applications. However, the main criteria with regard to
tracking performances and circuit implementation are still considered as a major challenge
under rapid varying weather conditions. In this paper, a T-S Fuzzy- integral backstepping-
based hybrid MPPT technique is proposed for rapid, accurate and efficient tracking. The
proposed technique enables reliable and stable operation under fast dynamic environmental
changes. Besides, it is simple as it does not require extra atmospheric sensors. The theoretical
analysis addressed in this study is verified through simulations via Matlab/Simulink and
experimental outdoor tests. A comparison with different other MPPT techniques is provided

to highlight the performances of the developed MPPT method.

Keywords: Maximum power point tracking; Integral Backstepping; Takagi-Sugeno Fuzzy;

Photovoltaic system; DC-DC boost converter.
I. Introduction

The global environmental harm, due to fossil fuels use, has led to an increased need for
alternative power sources. In recent years, the transition to renewable energy sources has
received greater consideration in various sectors owing to their incredible reduction of
greenhouse gas emissions. Solar energy is a free, clean and inexhaustible source of power,
which makes it a reliable means of supplying electricity to the world. Solar photovoltaic (PV)
systems provide electric power by directly converting solar irradiance into electricity. PV
systems are used in various applications and can produce power at levels of few watts to
megawatts. The electrical characteristic of the PV system is non-linear and varies with the
atmospheric conditions. Hence, ensuring the efficient generation of maximum power,
especially for situations with rapidly changing irradiation conditions, is considered the main

challenge.



Maximum power point tracking is a fundamental control strategy used to harvest the highest
photovoltaic power under all environmental conditions. In general, MPPT algorithms are
incorporated into switching power converters to provide the maximum available power from
panels. Specifically, the converter is utilized as an adapting stage between the PV module and
the load, so by controlling its duty ratio, the PV system could operate at the maximum power

point (MPP) in spite of climate changes.

Several MPPT techniques have been developed in the literature [1]. Perturb and observe
(P&O) and incremental conductance (IC) are reviewed as conventional MPPT methods [2-3].
The P&O method is widely investigated due to its simplicity of implementation, but it
introduces considerable oscillations near to the MPP that lead to power losses. On the other
hand, the IC method is more flexible and accurate than the P&O. Nevertheless, it has as a
main drawback the control circuit complexity that results in high response time to reach the
MPP. However, the above-mentioned MPPT algorithms generally fail in tracking effectively
the MPP under varying solar irradiation. These have led the researchers to explore and
discover new soft computing techniques for enhanced MPPT controller performances.

Genetic Algorithm (GA) [4], Particle Swarm Optimization (PSO) [5], Random Search
methods [6], Ant Colony Optimization [7] and Shuffled Frog Leaping Algorithm [8] are bio-
inspired and population-based global search algorithms that have been proposed for MPPT
control. They can well cope with different atmospheric conditions and track the MPP
efficiently. However, these techniques present weak dynamic performances and long
processes that increase the computational complexity. In addition, they exhibit a trade-off
between convergence accuracy and convergence speed, making the choice of the population
size, chromosome and the number of iterations very critical and need adjustment according to
irradiation conditions.

Artificial intelligence algorithms such as artificial neural network (ANN) [9] and Fuzzy logic
control (FLC) [10] have been also used for the MPPT control. They can successfully mitigate
the shortcomings of the conventional algorithm namely the oscillations around MPP and the
tracking speed. Moreover, the robust design of these techniques plays a key role in solving the
nonlinearity and uncertainties problems of the PV system. However, the ANN method
requires large data and suffers from high training time that results in a complex network and
decreases the accuracy in MPPT. A comparative study has been conducted experimentally in
[11] revealing that the MPPT controller based on FLC extracts more PV power than the one

using ANN. Even though, the FLC may fail to converge under rapid dynamic irradiance



changes. Therefore, it is recommended to be combined with other techniques to achieve more
attractive performances and reliable MPPT control [12].

Most power converters that incorporate the MPPT algorithm in the PV system applications
are nonlinear in nature, which has led researchers to think of advanced nonlinear controllers
guaranteeing high convergence speed and robustness for MPPT under varying atmospheric
conditions. Several researchers have tried to perform a high efficient MPPT algorithm using
sliding mode (SM) control [13-14]. This latter ensures the stability and robustness of the
system; however, the chattering phenomena, the variable switching frequency and the
significant steady-state error are the major shortcomings of the method. Therefore, other
studies have included an integral action term in order to mitigate these associated SM control
problems [15-16]; however, undesirable disturbances and high overshoots are observed.
These limitations have led researchers in [17] to propose a novel adaptive integral derivative
SM - based strategy to enhance the dynamic response of MPPT and increase the PV power
harvest under fast irradiation changes. However, the simulation and experimental validation
of this method have been conducted only over a limited range of irradiance [SOOW/m?2-
1000W/m?]; while the performance evaluation is more substantive under high irradiance
variations. Moreover, the SM control generally requires a priori knowledge about the
uncertainty bounds, considered also as a main drawback. Reference [18] proposes a Lyapunov
based single-loop controller for MPPT of a standalone PV system. The asymptotic stability of
the overall system is demonstrated. Nevertheless, the effects of climate variations have not
been taken into consideration in the practical validation of the developed MPPT technique.
An intelligent non-linear discrete-PID controller is synthetized in [19] for MPPT of the
photovoltaic module. This method maintains the properties of the classic PID controller where
the derivative and integral terms are discretized based on the Forward Euler Formula. PSO
and GA are used to select adequate gains of the controller. However, this technique is not
validated experimentally. In [20], an MPPT technique based on model predictive control was
developed to extract the maximum available PV power at divers weather conditions.
Nevertheless, this method faces considerable oscillations under abrupt irradiance changes.
The nonlinear integral backstepping method is well known for both its excellent dynamic
response and it ensures global asymptotic stability. Therefore, it has been proposed for MPPT
in [21], for a system consists of a PV array, buck-boost converter and load resistor. It is
revealed that this method could be a suitable candidate for MPPT control under challenging
environmental conditions as high dynamic performances are achieved. However, the

experimental validation of this technique is not addressed. Furthermore, the MPP location is
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estimated using basic linear approximations, that are not able to precisely determine the MPP

locus under changing weather conditions, which results in significant power loss [1] [22].

In light of the above discussion, the present work proposes a high-performance MPPT method
using Takagi-Sugeno (TS) fuzzy combined with nonlinear integral backstepping control.

Specifically, the contributions of this paper are as follow:

1) Designing a novel MPP approximator based on TS fuzzy technique for estimating,
with higher precision, the exact MPP locus.

2) Developing an integral backstepping controller that enforces the PV system to
generate the desired power by acting on the boost converter duty cycle.

3) The proposed MPPT method is supported by detailed mathematical investigation and
validated through both simulations in MATLAB/Simulink and experimental tests
using the dSPACE (DS1104) interface.

4) The performance of the proposed MPPT algorithm is examined under low/high
irradiation levels, gradual/abrupt/step-up/step-down irradiation variations and dynamic
test standard EN50530.

5) Comparison of the developed MPPT method to the existing ones (P&O, modified
incremental conductance (MIC), PSO and a hybrid controller combines P&O with

fractional-order proportional-integral (P&O-FOPI)) under varying irradiance profile.

The findings show that the proposed technique successfully monitors different dynamic
variations of irradiation and achieves high accuracy in locating MPP, fast convergence
velocity, zero steady-state error, stable operation and high MPPT efficiency. Moreover, the
structure of the proposed MPPT controller is simple to implement and doesn’t require

environmental sensors, which makes it applicable for most PV system configurations.

This research paper is structured as follows: Section II presents the overall structure of the
proposed solar battery charging system and describes the MPPT technique in detail.
Simulations and experimental results are discussed in Section III. Concluding remarks are

drawn in the last section.

I1. Overview of the proposed PV system
Figure 1 illustrates the structure of the proposed MPPT-based solar battery charging system. It
comprises mainly a PV array and a battery load that are interconnected via a boost type DC-

DC converter controlled by the proposed MPPT algorithm.
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Fig.1. Block diagram of the PV battery charging system with the proposed MPPT control loop

IL. 1. PV modeling

A PV module is generally made by the connection of PV cells in parallel and series to achieve
the required output current and voltage. In the literature, different equivalent models have
been introduced to represent the PV cell operation. The most popular one is the “single-diode
model” depicted in Fig.2. It typically composed of a current source, a diode and series/parallel

resistances [23]. The electrical circuit can be mathematically described by the following

v,
Io =Iph _Id :Iph _Irsc |:exp[v ]_1:| (1)
th

where I is the reverse saturation current and V), is the thermal voltage of the diode. The

equations

generated photocurrent 7, is expressed linearly with the solar irradiation (G ) as follows

I, = [lm_src +K, (Tcezl T _src )}Gi (2)

STC

where I ¢ is the cell short circuit current measured at Standard Test Condition (STC),
T

cell _STC

current is given by

3
T 9% Eg (- - >,
1ol cwl | expid——c (17 -1 lexp{—L1 o ] 3
‘ e (Y;ell_STC] p{kB XA( cell STC Le”) p kB XAXTL'ell ( )

is 25°C, Gg-is 1000W/m?, and K is the short circuit current coefficient. The diode



where I . is the reverse saturation current at STC,k,: Boltzmann’s constant, g : the

charge of electron, E : the band-gap, and A: the diode ideality factor.
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Fig. 2. PV cell equivalent model
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The electrical parameters of the PV module adopted in this work, provided at STC
(1.e.1000W/m?2, 25°C) are tabulated in Table I.

Table I: Electrical characteristics of the used PV module

Parameters Value
Maximum power Pupp 62W
Output power tolerance +5%

Voltage at maximum power point Vpp 13.23V

Open circuit voltage Vo 190V
Short circuit current Isc 5.8A
Current at maximum power point Impp 4.68 A
No. of cells and connections 36 (4x9)

I1. 2. Boost-type DC-DC converter
The boost converter (or step-up converter) is utilized to convert the lower dc input voltage

provided by the PV module (V) to higher dc output voltage for the battery charging (V,),

which is the load. As shown in Fig. 3, the circuit topology of the converter consists mainly of
an inductor L, input and output capacitors (C; & C,), a power switch MOSFET M and a diode
D. Table II gives the parameters values of the designed boost converter. The equations

characterizing these parameters are expressed as follows

1
Vb = va (EJ

_vx(uv,)
Al ripple X fs xVh
— bed
o f,xAV

ripple

“4)




where d is the duty cycle,Al .  is the inductor ripple current, AV

.impie 18 the output voltage

ripple

ripple and f, is the switching frequency.
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Fig. 3. Boost type DC-DC converter structure
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The converter is considered operating under continuous conduction mode. The mathematical
equations modeling the converter in the ON and OFF states of the switches are formulated in

(5) and (6), respectively

av, _1, I,

dt G Gl ON.D-OFF) 5)
dar, _V,

dr L

av, 1, 1,

G Gl \M.OFF.D-ON) 6)
a, _V, v,

L L

where [ is the generated PV current and /, is the inductor current.

Table II: Boost converter specifications

Parameters Value
Inductor (L) 300pH
Capacitors (C,,C)) 440 pF, 100 pF
Switching frequency ( f,) 30 kHz
Ripple current (A7, ) 1.6 A
Ripple current (AV,, ) 0.1V

IL. 3. Proposed MPPT controller



The proposed MPPT technique includes two stages as shown in Fig.1. The premier one based

on the TS fuzzy approach takes place to continuously determine the MPP position
corresponding to the irradiance level, and hence generates the setpoint (Vprff ). The second one

based on the nonlinear integral backstepping method enforces the operation point to

efficiently track the desired MPP (setpoint) using the synthesized control law.

II. 3.1. TS Fuzzy approximator

The PV current (7, ) hugely varies with the solar irradiance variation, which affects the MPP

location as shown in Fig.4. If the MPPs corresponding to different irradiance levels are
connected together, then, an MPP trajectory is obtained. This trajectory is generally nonlinear;
therefore, segmentation could be used to decompose it into a number of segments. Then, each
line segment is extended to get the so-called MPP lines as illustrated in Fig.4. It is interesting
to note that the MPP lines have different slopes and voltage axis- intercepts. Hence, each MPP

line can be expressed mathematically as
‘/pv - };'Ipv _‘/l;- :O (7)

where ris the corresponding slope line, V| is the voltage axis- intercept and i=/, 2...n, n is the

MPP line number. Based on the MPP lines data, the proposed MPPT controller can accurately
estimate the MPP locus at any given solar irradiance using the T-S fuzzy approach as

introduced in the following:
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Fig. 4. The MPP trail under different irradiance levels based on I-V characteristic of the PV array

As the PV current parameter (/,, ) enables the detection of the irradiance intensity, it has been

identified as an input of the fuzzy inference system that process it employing pre-specified

fuzzy rules to produce the corresponding outputs 7andV .



the fuzzy inference rules have the form in Eq.8,

py ?

For typical values of /,
R : IF1, is g THEN r,andV, (8)

where i=1, 2...n; n is the number of inference rules (corresponding to MPP lines), d is the
fuzzy set. The premise variable 1, is a measurable variable of the system. Crisp input data is

converted into fuzzy values using membership functions. In this study, the number and value
of each membership function were selected depending on the collected data from the PV
system. The shape of membership functions has been decided using the trial-and-error

method.

Using a standard fuzzy inference method that uses singleton fuzzifier, product inferred, and

weighted average defuzzifier, the fuzzy system inferred outputs are

DL
r= i=1
ZM(IP"i)
&)
DML,
‘/r — i=ln
D)
i=1

where i is the normalized membership function and f (1, ) Z H,(1,, )=0are the

i=1

normalized weights.
I1. 3.2. Integral backstepping controller

The nonlinear integral backstepping control method aims to let the PV panel output voltage (

V,,) reach the maximum voltage (V7 by adjusting the boost converter duty cycle. V'? is

pv p

considered as a reference voltage and expressed by Vprff =V, +rl,
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Fig. 5. Flowchart structure of the proposed MPPT control

Using (5) and (6), the V, voltage and the inductor current /, are defined as state variables of

the system x; and xorespectively, the corresponding 2-D differential equation is set as shown

in (10).

i i (10)
X Vi

x,=—-(01-d)—=

- ( )L

where d € [0, 1] and is the control signal.

The general objective of the integral backstepping method is to stabilize the system states at
the origin considered as the equilibrium point. Its algorithm is based on reclusively defining
some states as “virtual controls” to get the ultimate control laws using the control Lyapunov
function. The main merit of this method is the asymptotic stability and nonlinearities

elimination. For this system, two steps are required to obtain the control law “d”.

Step1:The error z; between the state variable x; and the reference Vprff is set as follow

7 =x-V"Y (11)

pv

The second errorz; between x»that is considered as a virtual control input of the system in (10)

(or a reference of the inner loop) and the stabilizing function a, is given by

10



L =X -4, (12)

Calculating the derivative of z; in (11) with respect to time, and by using (12) and the model

in (10), we obtain

N
2 =-—Z2-—a1+61pv-vaf (13)

4 4 l

Integral action is introduced into the error term as

=2+ (14)

where Y= j.(x1 —V;ff)dt Zj z,dt (15)
0 0

According to the definition of the Lyapunov function provided in [24], the first Lyapunov

function is chosen to be globally positive definite as follow

l ,,a .,
Vi=—z +— 16
1Toat Y (16)
where a is a positive definite real number.
The time derivative of Vi is
Vi=zz tapy
B 1 1 1 e (17)
_Zl['azz ial+alpv_vpv +a¢J

VImust be negative definite to guarantee a global asymptotic stability. This can be imposed

by taking the stabilizing function as

a,=Ckz +1,,-CGV,7 +Cay (18)
From (13) and (18), we obtain
- , 1
V, = -k z —azlzz (19)
. 1
z, =-kz 'E z, —aly (20)

11



Where kiis a constant and positive parameter, then the stability is verified. It is worth

mentioning that the term C 7,2, will be eliminated automatically in the next step.

1

Step2: From (12), the time derivative of the second error z> can be expressed as

2, =X,-4, (21)
Substituting (10) into (21) yields to
.1 1 d .
LETHN ALY (22)
The time derivative of the stabilizing function o, is obtained as
dl = Ciklz.l + jpv - szpr:f + Czaw (23)
a, =Ca=k})x, =V =k (x,—a)+1, -CV =Ck ayp
The second Lyapunov function is chosen with similar proprieties as (16)
1,
V,=Vi+215 (24)
2
The Lyapunov function (24) derivative with respect to time is
V,=Vi+52 (25)
Substituting (19) and (22) into (25) yields to
; 1 1 1 d .
V, =-kz} +2z, (-azl+le-zvb+sz-alJ (26)
To ensure stability, the Vzvalue must be negative definite and keepV, =-k,z - k,z; . This can
be achieved if
1 1 1 d .
-k, 2, :_Ezl-i-le_zvb +ZVb'a1 (27)
Where kois a constant and positive parameter, from (22) and (27), we obtain
_ :
-kyz, = 'E 4%z, (28)

i
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Thus, z,is given by

. 1
2, =-k,z, +E { (29)

i

By solving equation (27) and using (23), the control input of the system is

d:x[ ; _L+Lq (a_k12)+£Cik1(k1+kz) +x2{_V£(kl+k2)}+

v, v, V, vV, i b
I L Lc L L
V- - ia-k})-—=Ck/(k +k)|+I | —(k +k,) |- 30
pv I ‘/bCl ‘/b ( 1) ‘/b i 1( 1 2):| pv _Vb( 1 2):| ( )
V’jf £C,~(kl+kz) +jv£-‘7f§f£ci+¢/ -iqkla+£q(kl+k2)a +1
! _Vb : Vb : Vb Vb Vb

where 0<d=<1.
The flowchart structure of the proposed MPPT control is described in Fig.5.

Using (20) and (29), the new system model expressed in the coordinates (zi, z2) can be given

by 31)

5 L
z= e Y (31)
1 0
c -
\—V—J
(4]
The matrix [A]can be decomposed as follow
o L
k.0 C
A= |
0 k111 (32)
Ci

[A]=-[M,]+[m,]
where[M d] is a diagonal matrix and[Ma] is an anti-symmetric matrix.
(M,] =%([A]-[A]T),[MU]T =[m,].[M,] :%([A]+[A]T)and '[M,]2=002#0. Since
v, :%Zthhus V,=7"2=7(-[M,]z+[M |2)=-2"[M,]z=<0

13



This implies that (z1, z2) = (0, 0) results to be an equilibrium point of the closed-loop system.
This ultimately results in X, :V,,rff andX, =1 . The obtained condition V,=-7" [M d] z=0
proves the global asymptotical stability of the system. Specifically, by using the control signal

deduced in (26), the proposed backstepping controller stabilizes the PV panel voltage va to

the desired reference voltage V;ff ast — 00,

III1. Results and discussions

An experimental test has been firstly carried out to plot the I-V characteristic of the PV panel
under different sun irradiance. The measurements were carried out in clear weather) on
November 10, 2019, in Marrakesh city, Morocco. The irradiance was recorded using a
pyranometer oriented and tilted at the same angle as the PV module. The equipment typically
used in such experiment is current and voltage sensors as well as an adjustable resistor with
high value to meet the open-circuit condition. The current and voltage provided by the PV
panel change by varying the resistor, which shifts the operating point on the PV panel
characteristics. Figure 6 illustrates the resulted experimental data. The measurement
uncertainties generally come from instrumentation and calibration. In this test, the uncertainty

of the employed voltage and current sensors is estimated to be +0.1%.

T T T T T T T T T

6 [__1005 W/m? -
. 928,\’_‘.(1912_
— 878 W/im*<—
5F e — .
_ 728wWim?
< 4F_660Wm> B
L — ”
5 L 550 W/m*
E3F . -
3 —4owm®

2 a15wm?
__255W/m?

1

20

Voltage (V)

Fig.6. Experimental I-V characteristic of the PV panel for different irradiance levels

Based on the MPP lines and the resulted MPP trail marked in Fig.6, the fuzzy system
parameters are set; namely the number of inference rules n=7, the membership functions for

thei , variable portrayed in Fig.7.

14
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Fig.7. Membership functions for the PV current
In this work, the TS Fuzzy approximator was built using the fuzzy logic controller block
(FLCB) of Matlab/Simulink, as depicted in Fig.8. The FLCB enables easy implementation
and flexible configuration of the fuzzy interference system. The input of the FLCB is the PV

current/ . The outputs are the corresponding slope r and voltage axis- intercept V, of MPP

line. To perform the experimental tests, the presented simulink block diagram of the proposed
controller can be implemented in the dSPACE’s real-time interface (RTI) where a C code is
automatically generated, downloaded and executed by the Real-Time Workshop in

conjunction with the dSPACE’s Real-Time Interface.

@D,
Vpv » -
x - _L'
D, 'm4 r ,t »{Vpvr d—»_/_ d pwm —»( 1)
Ipv Vr d
Fuzzy Logic PWM generator
Controller

Integral backstepping
controller

Fig. 8. Simulink block diagram of the proposed MPPT controller

I11. 1. Simulation validation

In order to confirm the effectiveness of the proposed MPPT controller, simulation tests have
been performed in Matlab/Simulink on the solar charging battery system depicted in Fig.1.
Different dynamic variations of irradiance were examined, the MPPT controller performance
was evaluated through the EN50530 dynamic test standard and a comparison to other existing

MPPT controllers was provided.
III. 1.1.Simulation results under solar irradiance fluctuations

The proposed MPPT controller performances were firstly verified through an
irradiance profile comprising different changes as depicted in Fig.9.a. The simulation results
are plotted in Fig.9. In the beginning, the PV module received a constant irradiance of

100W/m? for 126ms. A fast start-up transient of only 0.4ms without overshoots is achieved

15



and the corresponding maximum PV power is produced as illustrated in Fig.9.d. Then, an
abrupt step-up irradiance change (from 100W/m2? tol000W/m?) has been taken place. As a
result, the controller successfully tracks the new MPP and the generated power instantly
changed from 7.1W to 61.5W. The enlarged waveform in Fig.9.d shows the
fast transient response and the stability achieved with the proposed MPPT method. The
irradiance value remained at 1000W/m? for 224ms. Afterward, the irradiance followed a
decreasing ramp of gradient 1800W/m?/s to reach 100W/m? at 850ms and an increasing ramp
with the same gradient starts at 1.3s to reach 1000W/m? at 1.8s. This profile can be frequently
faced in real-life, for example, under moving clouds. During these gradual changes of
irradiance, the MPP is steadily and accurately tracked; hence, the PV system keeps producing
the maximum available power according to the irradiance intensity as shown in Fig.9.d.

Moreover, the oscillation around MPP that results in energy losses is avoided. It can be also

noticed from Fig.9.b that the voltage V, is forced to stick at the MPP by following the

reference voltage V,,rff curve quite perfectly. Thus, the operating point is restricted from being
diverted. This is achieved thanks to the proposed MPPT mechanism described earlier. The TS
fuzzy approximator continuously located the exact peak power voltage (Vprff ) according to the

irradiance intensity, which is efficiently tracked using the integral backstepping controller.
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Fig. 9. Performance of the proposed MPPT controller under changing irradiance (a) Solar irradiance profile
(b)PV array voltage compared to the setpoint Vp’ff (c) PV array current (d) generated power by the PV array
In general, the PV system continuously experiences changes in irradiance. Hence, when the
PV system is installed under real outdoor conditions, the long-term production investment
benefits would be affected by the dynamic MPPT performance. In this regard, the EN50530
dynamic test standard defines a procedure to investigate and quantify the proposed MPP

tracker dynamic performance [25]. The procedure is based on testing the controller under

several irradiation ramp sequences with different irradiance levels and slopes (A% p [W mzs}

). Specifically, irradiation changing ramps from 10% to 50%, 30% to 100%, and 1% to 10%
of STC irradiation level have to be applied with slopes ranging from 0.5 W/m?/s to S0W/m?/s,
10W/m?/s to 100W/m?/s and 0.1W/m?'s respectively. As part of the test sequence results,
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Fig.10 depicts the PV power obtained in case of dynamic irradiation changes from 300W/m?
to 1000W/m? using a slope of 100W/m?/s. This test highlights the excellent performance of
the proposed MPPT method. As inferred from the resultant waveforms, the proposed
controller follows perfectly the correct tracking sense and ensures the global PV system
stability even under successive dynamic irradiation changes. The energy losses are low due to
the reliability and fast convergence speed of the proposed technique. Accordingly, this has

been evaluated by the calculation of the dynamic MPPT tracking efficiency mathematically

defined by Eq.33, where P, (t)is the extracted power from the PV array, P, (t)is the

theoretical PV power at the MPP and 7,,,,is the total period of calculation.

Tupp

[ P, (1)t

pv

,7dyn,MPPT = (33)

Typp

J' Py (1)t

0
Table III presents the average dynamic MPPT tracking efficiency values of the proposed
MPPT technique. This latter could achieve excellent performance under dynamic irradiation
changes including rapid convergence speed, reduced power oscillations and alleviated power

losses, which leads to enhanced PV power tracking efficiency.
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Fig. 10. Dynamic test sequences results according to EN50530 standard

Table III: Average dynamic MPPT tracking efficiency

Irradiance variation Nayn mappr (%)
10% to 50% 99.42
30% to 100% 99.57
1% to 10% 98.96

I11. 1.2.Comparison of the proposed and existing MPPT techniques

The performance of the proposed MPPT technique is evaluated with respect to different

existing techniques, namely P&O [3], modified incremental conductance (MIC) [26], particle
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swarm optimization (PSO) [6], and a hybrid scheme combines P&O with fractional-
order proportional-integral (P&O-FOPI) [27]. These techniques are selected on purpose to
compare the effectiveness of the proposed one: P&O represents the conventional type; MIC is
the conventional type with an adaptive feature; PSO represents the metaheuristic algorithm;
while P&O-FOPI is the hybrid MPPT control types. The simulation parameters including
sampling time and switching frequency are selected the same for all techniques in order to
have a fair comparison. The proposed MPPT method is first compared to the PSO in
simulation under constant conditions (1000W/m2 and 25°C) as shown in Fig.11 (a). The
results reveal that the PSO method provides proper steady-state operation with negligible PV
power disturbance. However, compared to the proposed method, the PSO algorithm faces
considerable overshoots and has a very slow convergence speed (2.8s) to be used under rapid
varying sun irradiance. The other MPPT techniques have been tested in simulation under
varying solar irradiance and ambient temperature (25°C). The solar irradiance profile applied
to the PV system is presented in Fig. 11 (b). It contains four irradiance intensities applied
successively for 100ms each. The MPPT algorithm's behavior is tested under high and low
irradiance levels, from 600W/m? to 1000W/m? and from 100W/m? to 400W/m? respectively;
as well as under large variation when irradiance level falls from 1000W/m? to 100W/m?2. The
power tracking profiles of the proposed technique, P&O, MIC, and P&O-FOPI are depicted in
Fig.11 (c).To have better clarification about the algorithm's behavior at the steady-state and
the transients, some parts of the curves are zoomed in Images 1, 2, 3 and 4 of Fig.11. From
the comparison plot, it can be observed that the developed MPPT control strategy
demonstrated performance superiority. It has the shortest MPP tracking period, the least
transient fluctuations, zero oscillation around MPP and high tracking accuracy so low power
losses. While the conventional P&O method suffers from steady-state power oscillation and
the reached average value of power is less than the true MPP. The MIC shows better tracking
performances and lower oscillation in steady-state than P&O. The hybrid technique P&O-
FOPI provides faster convergence and better accuracy in locating the MPP compared to P&O
and MIC and can mitigate the P&O steady-state oscillations. Nevertheless, it appears from
this comparison that the developed MPPT techniques exhibit the most attractive features to be

used under rapid varying irradiance compared to other methods.
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I1I. 2. Experimental validation
I1I. 2.1. Experimental setup

Figure 12 depicts the experimental setup of the proposed MPPT technique. The experimental
tests were conducted using the PV array already introduced and whose experimental 1-V
characteristic is presented above. The PV array was connected to the DC load (12V-120Ah
batteries wired in series) via the boost converter with the parameters given in Table II. A
dSPACE DS1104 platform is used to implement the proposed MPPT controller, which
facilitates the real-time testing. The DS1104SL-DSP-PWM block is utilized to generate the
desired PWM signal for the converter that is fed through the gate driver (IR2110) circuit.
Voltages and currents are measured by employing resistor dividers and LA 25-NP sensors and
then converted to digital signals using ADC interfaces of DSP that vary under a voltage range
between -10V and +10V. PWM generation and instantaneous power schemes for the proposed
MPPT controller in the dSPACE are illustrated in Fig.13. To get rid of high-frequency noise
signals, the A/D channel output is passed through an analog filter. Before this block, a gain
scale of 10 is added for dSPACE adaptation. The instantaneous power was calculated by
multiplying the instant array current and voltage. The instantaneous array voltage and current,
inductor current, and output voltage are provided to the input of the implemented MPPT
algorithm to produce a duty cycle for the boost converter. It must be noted that the switching
frequency chosen in this study was set depending on the interface DSP board limitation. It is
generally recommended that the time-step used by the board (lus in our case) be
approximately 40 times smaller than the switching period of the converter, to ensure good

precision and keep the results accurate [28].

NGRS A

Fig.12. Laboratory experimental setup to implement the roposed MPPT'technique
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I1I. 2.2. Experimental results and discussion

This section aims to experimentally demonstrate the good performance of the proposed MPPT
technique helping in the PV system harvest maximization. The working of the PV battery
charging system, as well as the MPPT control, has been firstly verified under steady-state
operating conditions at 11:45 am on March 08, 2020, in Marrakech city: the sun irradiance
was 950W/m? and the temperature was 24°C. Practically found responses of the voltage,
current, and power provided by the PV panel are illustrated in Fig.14. Zoomed view of the PV
power during the start-up transient is shown in Image 1 of Fig.14 to highlight how fast the
convergence speed of the proposed controller (1.2s), which is one of the most rigorous
features required under rapidly irradiation changing. The steady-state operation around the
MPP is enlarged in Image 2 of Fig.14 showing stable behavior and high tracking efficiency.
The proposed MPPT algorithm located the actual MPP accurately, which results in harvasting
the maximum available power from the PV module (Ppymax=59.46W) and achieving high

tracking efficiency.
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The maximum power is successfully transmitted to the load throughout the boost converter.
Figure 15 shows the measured waveform of the converter output terminals and reveals that

the batteries kept charged as the maximum rated voltage constantly maintained.

32
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Fig. 15. Measured converter output voltage waveform
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Fast sudden variations of irradiation level from sunshine to shade often happened naturally as
a result of the shadow of buildings and tall tree species. The tracking performance and the
robustness of the developed MPPT technique have been tested under a rapidly changing sun
irradiation scenario. During the experiment, the PV array experienced a surface coverage to
block the sunlight in different instants of time exemplifying the sharp irradiation changes
encountered in reality. Experimental waveforms of PV voltage and PV power are captured
confirming the effectiveness of the proposed TS Fuzzy-Integral Backstepping- based MPPT
control as shown in Fig.16.The PV voltage tracks the reference voltage with high accuracy,
which reveals the optimal working of the PV system control. It can be also observed from the
PV power profile that despite the large abrupt perturbation of irradiance, the proposed MPPT
controller has ensured fast convergence, high sensitivity to irradiance change, and negligible

oscillations, which alleviate energy losses and guarantee higher dynamic tracking efficiency.

The behavior of the proposed MPPT controller has been also tested under the low sun
irradiation profile presented in Fig.17 (a). Repeated step-up and step-down of irradiance level
from 180W/m? to 500W/m? and vice-versa were applied during a period of 20s. Fig.17 (b)
represents the excellent power tracking ability of the photovoltaic system using the proposed
MPPT algorithm under dynamic changes of low irradiation levels. Stable operation with
almost negligible power ripples at steady-state can be also observed. The results of this test
demonstrated the precision in locating the right MPP position even for low irradiation levels,

which is achieved owing to the TS fuzzy approach used in the proposed MPPT controller.
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A comparative analysis is conducted to prove how MPPT control performances can be
improved when using the integral backstepping method instead of the classical backstepping
method [29]-[30]. The experimental test starts by adopting the classical backstepping in the
MPPT algorithm, then, it is replaced by integral backstepping at the instant 28.95s. Figure 18
depicts the resulted PV voltage and PV power waveforms. PV voltage and reference voltage

are plotted together as presented in Fig.18 (a), displaying a static error of 3.2V during the use
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of the classical backstepping method, which results in power losses as shown in Fig.18 (b).
Integral backstepping on the other hand completely removes the static error and tracks
perfectly the peak power 60.02W. It is worth mentioning that the time ¢ indicated in Fig.18 (a)
does not present the settling time of the integral backstepping method but includes the upload
time of its program. The obtained practical results reflect the importance of integral action in

overcoming the classical backstepping drawbacks namely the static error.
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Fig. 18. Comparison of behavior of backstepping control and integral backstepping control (a) PV array voltage

compared to reference voltage V'Y (b) generated power by the PV module

pv

The effectiveness of the proposed MPPT method has been validated through experimental
comparison with the P&O algorithm under steady-state and dynamic conditions as presented
in Fig.17. Due to the steady-state oscillation problem that can negatively affect the circuit, the
P&O step size was carefully selected to get an optimal working of the method. Even though,
practical results are shown in Fig.19 (a) interpret that the developed MPPT technique has a
better response (higher tracking accuracy, faster dynamic, and less PV power steady-state
oscillation) compared to the P&O technique. Owing to the considerable amount of time taken
to attain the MPP, the P&O algorithm has shown very weak tracking performances under
successive solar irradiance level change as depicted in Fig.19 (b). The presented results
strongly confirm the reliable behavior of the proposed MPPT method under fluctuating sun

irradiance addressed before (Fig.16 (b)).
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IV. Conclusion

In this paper, an MPPT controller, combining the TS Fuzzy and integral backstepping
methods, used for a boost-type solar charging battery system is proposed. The TS Fuzzy
technique is essentially utilized to ensure the prediction of the MPP; while the integral
backstepping method guarantees the efficient MPP tracking and the global asymptotic
stability of the system that is demonstrated throughout Lyapunov stability criteria. The
modeling and control analysis have been used to synthesize enhanced MPPT controller
performances in terms of transient and steady-state responses. According to the obtained
simulation and experimental results, the developed MPPT control strategy successfully deals
with different dynamic irradiance changes and provides attractive features such as rapid
tracking convergence velocity, accuracy in locating the MPP, reduced steady-state
oscillations, and high tracking efficiency. The implemented research work is a significant
contribution for improving the PV power generation under highly dynamic irradiance
variation by using an efficient MPPT technique. As a future scope, it would be interesting to
improve the overall photovoltaic system efficiency by improving the power converter
topology. The DC/DC multilevel converter type would be a good candidate to achieve high

step-up ability and reduced switching losses.
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