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al warming, the world needs pollution-free energy sources such as solar,
d wind to meet the growing electricity demand [1], [2]. These sources are
, inexhaustible, and pollution-free. The use of renewable energy in daily life has
enge for researchers and engineers.

ystem is one of the most dominant ways to harvest solar energy, where solar radiation
pnverted to electricity. The electrical characteristics of the PV panel, such as the power voltage (P-
aerent voltage (I-V), are nonlinear and depend on the climatic conditions [3]. For each irradiance
emperature, there is only one point on the P-V curve, called the MPP, at which maximum power is
ached. Variations in irradiance and temperature change the MPP, which makes obtaining maximum PV
er an exciting challenge for researchers.

any solutions have been proposed in the literature to exploit the maximum power of PV panels using
Maximum Power Point Tracking (MPPT) [4]- [10]. The execution of MPPT technique requires the use of a
DC-DC converter; the boost converter is a widely used topology as an interface between the PV panel and the

hydropower,
an, sustai
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load. However, the conventional boost converter (CBC) has drawbacks such as power ripple, low efficiency,
and high voltage stress [11]. In various works, such as [12] and [13], an interleaved topology consisting of
multiple identical boost converters connected in parallel is proposed. The researchers point out the benefits
such as low power ripple, high efficiency, high power conversion, and low voltage stress on the com

while reducing output power ripple, switching losses, and heat dissipation. In [8], ;
efficient solution using the IBC and the P&O MPPT algorithm to utilize the maximu po
shading system. The results of the study have shown that the IBC ensures that the full
the partially shaded PV system, which cannot be accomplished using CBC topolo
current sensorless MPPT technique to obtain the maximum power from the
However, the previous work uses unstable control methods and miss the ro
introduced into the system. Conversely, a reliable controller must be used
avoid excessive current and heating that destroys the components.
Numerous control techniques have been proposed to solve the t
loop controller PI is proposed to control an IBC. However, linear ¢

switching frequency controller in sliding mode (Sl / the input voltage of a two- phase IBC
& ller, the proposed strategy shows a robust

in Ist order SMC, which causes heat loss 4 erter. Super-twisting sliding mode control (ST-
SMC) has been extensively studied in , [23]. In [24], a ST-SMC was developed for
MPPT control of a PV system base erter to gain maximum power. Chattering
was eliminated and the dynamic res all system was improved compared to SMC and synergetic
controller.

In this paper, an integral
FLIBC is investigated.
by using a robust non

¢ PVS in conjunction with FLIBC can be enhanced
C. The proposed controller consists of double loop
controlling the input voltage of the PVS, which is used to
maintain the PV volta, oltage supplied by the MPPT algorithm and eliminate the steady
i ner loop to ensure the input current is evenly distributed among
the optimal gain of the proposed ST-ISMC. Extensive simulations
environment to verify the effectiveness of the proposed controller

rganized as follows: Section 2 describes and models the proposed topology. In
iscussed and described in detail. Simulation results and performance validation
¢ presented in Section 4; and finally, Section 5 concludes the paper.

aved boost converter topology and modelling

icts the proposed system in detail. It comprises of PV array connected with a resistance acting
ad through the FLIBC.
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Figure 1. Standalone PV system based on FLIBC.

2.1 Photovoltaic panel module

Solar cells are p-n junction semiconductors. When light is incident, a photocurrent is generated

single diode model. Table 1 lists the PV panel parameters used in the simulation.

Voy + Rol
I=1, I |expl ~EL 2SRV 1 q|—
ph 0|: p( (ZVT
where

1 Photo-current generated by PV cell.
Iy: The reverse saturation current of the diode.
Ipy: Current generated by PV cell.

Vpy: Voltage at the terminals of the PV cell.
Vr: Thermal voltage of PV cell.

Rs: The equivalent series resistance.
Rp: The equivalent parallel resistance.
a: Diode ideality factor.

Voy + Rl

IPh

. PV panel specifications.

Symbol Value

Voc 21.83
[A] Isc 533
¢ at the maximum power point [V] Vwmpp 17.27
he maximum power point [A] Inmpp 4.93
power [w] Pipp 85.14
saturation current of the diode [A] Io 4.9414x107"°
Diode ideality factor o 1.0227
Parallel resistance [€2] Rp 149.63
Series resistance [Q] Rs 0.3749

Four legs interleaved boost converter

the literature study, a four-legged nested up-converter is proposed for a PV system to solve the
mentioned CBC constraints [26], as shown in Figure 1. It consists of four conventional boost converters
connected in parallel with the same switching frequency and a quarter period as the phase shift between each
branch. The differential equations describing the operating dynamics of the FLIBC based on the state of the
switches (S1, 2, 3, 4) and using Kirchhoff's voltage and current law can be given as follows:
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d
Cpy —VZ(t) =1Ipy ()= 11y ()
@
dl; (t
L Zt( ) Vp01-0-8,7,0)

Ve, Ipv, Iy, Vo, and I1; are the PV panel's voltage, the PV panel's current, the FLIBC input ¢ t, the FLIBC
output voltage, and the phase current, respectively. In addition, L=L;= L= L;= L, is the yalue e

of each leg. Then, the FLIBC average model can be expressed as follows:

d
PV —VZ ® =1py ()= 1;y(0)
dl ;. (t
L Zt()=VpV<t>—(1—Dj)V

D; is the average value of S}, called the duty cycle.

3 Control approach
A dual loop controller is proposed to effective e Ic provided by an MPPT

C drawbacks. It shows a significant superiority
against disturbances and o extract the maximum power from the PV panels
must maintain the PV vy, oltage Vpyrer provided by the MPPT algorithm. Where

v () =Vpyrer (1) =Vpy (1) 4)

Sy (t) = ey (1) + Af ey (¢)dt )
0

sitive constant. Therefore, the derivative of the proposed sliding surface can be
given as

Sy () =éy(H)+A e, (1)= VPVref(t) —Vpy () + 2 €y (0) (6)

, using the differential equations of FLIBC Eq. (3), Eq. (6) rewritten as

Sy(t)= VPVref(t) ! (IPV(t) IIN(I))JF/IeV(t) @)
Cpy

Therefore, the FLIBC input current /;y will be the control term in which the PV panel voltage will be
regulated by considering the FLIBC input current as a reference to the inner loop controller. In addition, the
control law of ST-ISMC given as
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Iy =Iiy_eq + Lin_sT 3

The equivalent control part /.., can be deduced through the equation as follows:

Iin-eg ==Cpy (VPVref (N+Aey (f)) +1py (2)

And based on the ST algorithm /;v.sr, the discontinues control part can be obtained as

1
Ipy_sr =—ay |SV (f)|5 Sgn(SV (t)) +u
u=-py Sgn(SV (t))

(11)

(12)
(13)

On the other hand, t
current controller to en,

he inner loop is required to design the FLIBC input

the equal sharing o ent among the legs. And can be deduced from (3) as

Ipy(s) 1
U(s)  Ls (14)
where
U(s)=Vpy(s)—(1=D;)V,(s) (15)

t the PI controller used as an inner loop controller to ensure the equal sharing of the
¢ legs is given as

PI(s)=Kp+ 20 (16)
S

efore, the closed-loop transfer function is written as follows:

Kps+K;
G(s)=——"——1 (17
PR e o

L L

Then, based on the canonical form of second order system, the PI controller gains can be written as
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(18)

Kp =280l
K, = Lo*

where ¢ and o, respectively, are the damping ratio and cut-off frequency of the PI controller.
block diagram of the proposed control method has been illustrated.

PI controller

abs >

Sign

Voltage Controller |

U | | 007,0)
e V,0)

»{ PI controller

The social structure and hunting stra nature inspire the Grey Wolf Optimizer (GWO)
[28], which is an optimizati ithm. inds of wolves: alpha, beta, delta, and omega, to
collaboration am ves. The algorithm also follows the three main phases
prey, encircli attacking prey [29]. The GWO algorithm can handle
search spaces [28].
scribe the hunting procedures mentioned above:

of hunting: searching
various optimization p
The following mat

D= \C.f(p (i) - )?(i)‘ (19)
X(i+1)= \)?P (i) — 21.[)\ (20)
or of the prey, i is the recent iteration, X is the vector of the grey wolves' position,

e distance between the prey and wolves, and A and C are coefficient vectors which
C=27 @21
A=2ar, —a (22)

d r, are the random numbers that vary in each iteration among the range [0, 1]. In addition, a is vector
decreased during iterations from 2 to 0. According to the grey level, the distance of each level can be given as
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b, =|C.%, - X|
Dy =|C,.% ;- X| (23)

Dy =‘€3X5 —f(‘

three best positions of grey wolves are expressed in (24)

X, =Xy - 4,(Dy) (24)
X3 = X5 — 4y(Dy)
The formula below can be used to compute the position of the
X(i+1) (25)

Then, the proposed objective function is fo
is defined as follows:

(26)

Initialize a populati
Evaluate the fitn
Identify alpha, b
Set a as a linearl
Set iterati
Whi

(the best three wolves)
from 2 to 0

AR

ectors using random numbers

for alpha, beta, and gamma wolves using A, C, and the positions of the wolves
for alpha, beta, and gamma wolves using D and the positions of the wolves
osition of the current wolf as the average of X vectors

Update iteration counter t =t + 1
d while
Return alpha wolf as the best solution

4 Simulation Results and Discussion

The proposed system with a 60 Kw PV system based on FLIBC and a controller with optimised ST-ISMC,
tuned with the GWO algorithm, is modelled and simulated using MATLAB/Simulink. The simulation
parameters are listed in Table 3. The system was tested under sudden irradiance variations to verify the
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robustness and reliability of the proposed system (see Figure 4), and at constant temperature (25 °C). The solar
radiation regarded was initially 800 W/m? and varied with time.

Figure 5 illustrates the behaviour of the PV voltage when the irradiation level changes with different
controllers. It can be observed that the proposed strategy GWO-ST-ISMC has a better dynamic behayi '
the PV voltage follows the reference voltage with less variation. Compared to the other controller
time with GWO-ST-ISMC has decreased from 10 ms to 1.40 ms. Also, the overshoot has d
6.80% to 0.27%. When the irradiance changed suddenly from 1000 w/m? to 200 w/m?, the
point voltage was tracked quickly with less overshoot. The obtained data are summarised in Tat
Simulation parameters.

imum power

FLIBC Parameters Value
L:L1=L2:L3=L4

CPV

Co

Ro

Switching frequency
Series PV panels
Parallel PV panels
GWO Parameters
Population of wolves
Max iteration

solar radiation (W/m?)

200 W/m?

!

03 035 04

O-ST-ISMC provides excellent performance regarding the chattering
he PV system is tracked without fluctuations, as depicted in Figure 7. Thus, the
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Figure 5. The PV panels voltage curye under solar
Table 4. summari voltage.
Solar o
radiation step Overshoot (%)
Start End PI SMC  ST-SMC GWO-
ST-ISMC
0 0.1 10 0.98 0.24 0.27
0.1 0.2 43 1.12 1.11 1.03
0.2 0.3 1.2 0.31 0.20 0.06
0.3 0.4 11 0.58 1.04 0.40
80 I
s==Ref
0 =
——ST-SMC
- —— GWO-ST-ISMC
Sl
55014 16 iy
= 3.6
= 0.25 0.2502 0.2504 0.2506 15.5
240 i .
© 15 —
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Figure 6. The PV panel's current curve during the solar irradiation step changes.
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Fig 8. The inductors’ current curves.

rmance is evaluated using performance indices such as integral absolute error
ISE), integral time absolute error and integral time square error (ITSE). Table 5
egy with other control techniques using these indices. It can be observed that
performance compared to other control strategies.

Table 5. Comparison of the performance indices.

Performance Indices
IAE ISE ITAE ITSE
PI Controller 1.2540 526 0.032520 0.6645
SMC 1.2080 516.3 0.038550 0.4770
ST-SMC 0.7316 339.4 0.011860 0.2526
GWO-ST-ISMC  0.5978 295.9 0.008569 0.1243

Control Strategies

5 Conclusion

In this paper, an improved PV system considering the optimized ST-ISMC is proposed to control a FLIBC.
The control strategy used to maintain the PV voltage follows the reference established by the MPPT algorithm
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and ensures the uniform distribution of the input current among the legs. Moreover, the controller gains were
tuned using the GWO algorithm to achieve the best performance Simulation results under sudden climatic
conditions demonstrate the superiority of the proposed system in terms of maximum power tracking speed
zero steady state error, reduced chattering, and lower overshoot. Moreover, the system operates in

the external disturbances affecting the system.
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