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 The energy provided by the PV system is strongly influenced by 
climatic conditions such as solar radiation and cell temperature. 
A suitable DC /DC converter and a robust control strategy 
combined with the maximum power point tracking (MPPT) 
algorithm are required to harness the maximum power of the 
panel. This paper proposes a super-twisting integral sliding mode 
control (ST-ISMC) for four legs interleaved boost converter 
(FLIBC) as an interface to the MPPT algorithm for a 60 KW PV 
system. The FLIBC has been used to overcome the drawbacks of 
the conventional boost converter (CBC). The ST-ISMC is 
proposed to maintain the PV voltage track the reference provided 
by the MPPT algorithm and ensure the equal sharing of input 
current between legs. The controller gains of the proposed ST-
ISMC have been calculated using the grey wolf optimization 
algorithm for better performance. The simulation results prove the 
excellent performance of the proposed controller over the 
conventional controller. 
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1 Introduction 
 

Nowadays, due to global warming, the world needs pollution-free energy sources such as solar, 
geothermal, hydropower, and wind to meet the growing electricity demand [1], [2]. These sources are 
accessible, clean, sustainable, inexhaustible, and pollution-free. The use of renewable energy in daily life has 
become a significant challenge for researchers and engineers. 

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

Many 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 
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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 components 
[14]. Saidj et al [15] use accurate operational tests to assess and compare the overall performance of the IBC 
architecture with the CBC. The results show that the interleaved topology can significantly increase efficiency 
while reducing output power ripple, switching losses, and heat dissipation. In [8], Farh et al. proposed an 
efficient solution using the IBC and the P&O MPPT algorithm to utilize the maximum power of a partial 
shading system. The results of the study have shown that the IBC ensures that the full power is obtained from 
the partially shaded PV system, which cannot be accomplished using CBC topology. An IBC is used with the 
current sensorless MPPT technique to obtain the maximum power from the PV system studied in [16]. 
However, the previous work uses unstable control methods and miss the robustness when disturbances are 
introduced into the system. Conversely, a reliable controller must be used to evenly divide the input current to 
avoid excessive current and heating that destroys the components.  

Numerous control techniques have been proposed to solve the technical challenges. In [17]- [19], a dual-
loop controller PI is proposed to control an IBC. However, linear control strategies may lead to a lack of system 
robustness. Moreover, they are unsuitable for controlling PV systems with IBCs due to their nonlinear 
behaviour. Therefore, researchers propose various nonlinear strategies to overcome the drawbacks of linear 
controllers. In [20], a finite control set was studied in which the controller uses the predicted behaviour of the 
IBC and selects the optimal switching state by minimising the cost function. Vargas-Gil et al. proposed a fixed 
switching frequency controller in sliding mode (SMC) plus PI for the input voltage of a two- phase IBC 
connected to PV panels [21]. Compared with the lead-lag controller, the proposed strategy shows a robust 
response in the presence of a sudden change in ambient conditions. However, flutter is a significant problem 
in 1st order SMC, which causes heat loss in the power converter. Super-twisting sliding mode control (ST-
SMC) has been extensively studied in various applications [22], [23]. In [24], a ST-SMC was developed for 
MPPT control of a PV system based on a noninverting buck converter to gain maximum power. Chattering 
was eliminated and the dynamic response of the overall system was improved compared to SMC and synergetic 
controller.  

In this paper, an integral super-twisting sliding mode control system (ST-ISMC) of a 60KW PVS based on 
FLIBC is investigated. The proposed configuration of the PVS in conjunction with FLIBC can be enhanced 
by using a robust nonlinear control based on ST-ISMC. The proposed controller consists of double loop 
controllers. The outer loop consists of ST-ISMC for controlling the input voltage of the PVS, which is used to 
maintain the PV voltage trace and the MPP voltage supplied by the MPPT algorithm and eliminate the steady 
state error. The PI controller is used as an inner loop to ensure the input current is evenly distributed among 
the legs. The GWO algorithm is used to find the optimal gain of the proposed ST-ISMC. Extensive simulations 
are performed in the MATLAB/Simulink environment to verify the effectiveness of the proposed controller 
and demonstrate its superiority over the ST-SMC, SMC and PI controllers. 

The rest of this paper is organized as follows: Section 2 describes and models the proposed topology. In 
Section 3, the ST-ISMC is discussed and described in detail. Simulation results and performance validation 
using MATLAB/Simulink are presented in Section 4; and finally, Section 5 concludes the paper. 

 
2 Four legs interleaved boost converter topology and modelling 

 

Figure 1 depicts the proposed system in detail. It comprises of PV array connected with a resistance acting 
as a load 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. The one-
diode equivalent circuit is the most commonly used PV module [25], which consists of an ideal parallel diode 
with a current source, a series resistor representing the internal cell resistance, and a shunt resistor representing 
the losses due to diode leakage current (see Figure 2). Equation 1 represents a PV module developed with a 
single diode model. Table 1 lists the PV panel parameters used in the simulation. 
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where  

Iph: Photo-current generated by PV cell. 
I0: The reverse saturation current of the diode. 
IPV: Current generated by PV cell. 
VPV: Voltage at the terminals of the PV cell. 
VT: Thermal voltage of PV cell. 
RS: The equivalent series resistance. 
RP: The equivalent parallel resistance. 
α: Diode ideality factor. 

 

 
 

Figure 2. PV single diode module equivalent circuit. 
 

Table 1. PV panel specifications. 
 

Parameter Symbol Value 
Open circuit voltage [V] VOC 21.83 
Short circuit current [A] ISC 5.33 
The voltage at the maximum power point [V] VMPP 17.27 
Current at the maximum power point [A] IMPP 4.93 
Maximum power [w] PMPP 85.14 
reverse saturation current of the diode [A] I0 4.9414x10-10 
Diode ideality factor α 1.0227 
Parallel resistance [Ω] RP 149.63 
Series resistance [Ω] RS 0.3749 

 
2.2 Four legs interleaved boost converter 
 

In 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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VPV, IPV, IIN, Vo, and ILj are the PV panel's voltage, the PV panel's current, the FLIBC input current, the FLIBC 
output voltage, and the phase current, respectively. In addition, L=L1= L2= L3= L4 is the value of the inductor 
of each leg. Then, the FLIBC average model can be expressed as follows: 
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Dj is the average value of Sj, called the duty cycle. 
 
3 Control approach 
 

A dual loop controller is proposed to effectively track the reference voltage provided by an MPPT 
algorithm for each value of solar irradiation and temperature to extract maximum power from the PV panels. 
A nonlinear robust super-twisting integral sliding mode control is suggested as an outer loop controller to 
regulate the voltage of PV panels. A PI controller is used as inner loop control to ensure the equal sharing of 
FLIBC input current between the legs. The controller parameters are tuned using a particle swarm optimization 
algorithm by minimization of a cost function that minimizes the tracking error. 
 
3.1 Proposed super-twisting integral sliding mode control (ST-ISMC) 
 

ST-ISMC is commonly used to eliminate the traditional SMC drawbacks. It shows a significant superiority 
against disturbances and overshot compared to SMC [27]. To extract the maximum power from the PV panels 
must maintain the PV voltage VPV track the reference voltage VPVref provided by the MPPT algorithm. Where 
the voltage tracking error and sliding surface are defined, respectively as 
 
 ( ) ( ) ( )V PVref PVe t V t V t   (4) 

 

 

0

( ) ( ) ( )
t

V V VS t e t e t dt    (5) 

 
where λ must be a definite positive constant. Therefore, the derivative of the proposed sliding surface can be 
given as 
 
 ( ) ( ) ( ) ( ) ( ) ( )V V V PVref PV VS t e t e t V t V t e t         (6) 

 

Then, using the differential equations of FLIBC Eq. (3), Eq. (6) rewritten as 
 
  1

( ) ( ) ( ) ( ) ( )V PVref PV IN V
PV
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C

      (7) 

 
Therefore, the FLIBC input current IIN 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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The equivalent control part IIN-eq can be deduced through the equation as follows: 
 
  ( ) ( ) ( )IN eq PV PVref V PVI C V t e t I t      (9) 

 
And based on the ST algorithm IIN-ST, the discontinues control part can be obtained as 
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where αV and βV are the controller gains and can be calculated by using the following equations 
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where Ψ define the positive bounds of the uncertain function φ, ΓM and Γm are the upper and lower positive 
bounds of the uncertain function ϕ at the second derivative of the sliding manifold [27]. 
 
    and M m     (12) 

 

 ( , ) ( , )PV INV x t x t I     (13) 
 

On the other hand, the open loop transfer function of the inner loop is required to design the FLIBC input 
current controller to ensure the equal sharing of the current among the legs. And can be deduced from (3) as 
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where 
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The transfer function of the PI controller used as an inner loop controller to ensure the equal sharing of the 

input current among the legs is given as 
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Therefore, the closed-loop transfer function is written as follows: 
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Then, based on the canonical form of second order system, the PI controller gains can be written as 
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where ξ and ω, respectively, are the damping ratio and cut-off frequency of the PI controller. In Figure 3, the 
block diagram of the proposed control method has been illustrated. 
 

 
 

Figure 3. Block diagram of the proposed control method. 
 
3.2 Grey wolf optimization algorithm 
 

The social structure and hunting strategy of grey wolves in nature inspire the Grey Wolf Optimizer (GWO) 
[28], which is an optimization algorithm. It employs four kinds of wolves: alpha, beta, delta, and omega, to 
represent the leadership and collaboration among the wolves. The algorithm also follows the three main phases 
of hunting: searching for prey, encircling prey, and attacking prey [29]. The GWO algorithm can handle 
various optimization problems with unknown search spaces [28]. 

The following mathematical equations describe the hunting procedures mentioned above: 
 
 . ( ) ( )pD C X i X i 

  
 (19) 

 

 ( 1) ( ) .PX i X i A D  
  

 (20) 
 

where XP is the position vector of the prey, i is the recent iteration, X is the vector of the grey wolves' position, 
D is a vector that refers to the distance between the prey and wolves, and A and C are coefficient vectors which 
can be computed using the following equations 

 
 

12C r
 

 (21) 
 

 
22A ar a 

  
 (22) 

 
r1 and r2 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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where Dα, Dβ, and Dδ are the distances between wolves of alpha level and prey, wolves of beta level and 
prey, and wolves of delta level and prey. C1, C2, and C3 are the coefficient vectors of the first three best fittest 
positions X1, X2, and X3. And Xα, Xβ, and Xδ are the best search agents. The equations that represent the 
three best positions of grey wolves are expressed in (24) 
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The formula below can be used to compute the position of the prey for the best search agent 
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Then, the proposed objective function is formulated based on the integral time square error value, which 
is defined as follows: 
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The pseudo-code of the grey wolf optimizer algorithm is shown in Table 2. 
 

Table 2. The GWO algorithm pseudo-code. 
 

1. Initialize a population of N wolves randomly 
2. Evaluate the fitness of each wolf 
3. Identify alpha, beta, and gamma wolves (the best three wolves) 
4. Set a as a linearly decreasing parameter from 2 to 0 
5. Set iteration counter t = 0 
6. While t < maximum number of iterations do 
         For 1:N 
            Calculate A and C vectors using random numbers  
            Calculate D vectors for alpha, beta, and gamma wolves using A, C, and the positions of the wolves 
            Calculate X vectors for alpha, beta, and gamma wolves using D and the positions of the wolves 
            Calculate the new position of the current wolf as the average of X vectors 
             Apply boundary conditions if necessary 
         End for 
         Update alpha, beta, and gamma wolves (the best three wolves) 
         Update a parameter 
         Update iteration counter t = t + 1 
End while 
7. 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/m² 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 behaviour and 
the PV voltage follows the reference voltage with less variation. Compared to the other controllers, the settling 
time with GWO-ST-ISMC has decreased from 10 ms to 1.40 ms. Also, the overshoot has decreased from 
6.80% to 0.27%. When the irradiance changed suddenly from 1000 w/m² to 200 w/m², the maximum power 
point voltage was tracked quickly with less overshoot. The obtained data are summarised in Table 4. Table 3. 
Simulation parameters. 

 

FLIBC Parameters Value 
L=L1=L2=L3=L4 5 mH 
CPV 63 uF 
Co 33 uF 
Ro 324 Ω 
Switching frequency 50 kHz 
Series PV panels 48 
Parallel PV panels 15 
GWO Parameters 
Population of wolves 20 
Max iteration 30 

 

 
 

Figure 4. Solar irradiation profile used in the simulation. 
 

Figure 6 illustrates the PV panels obtained using GWO-ST-ISMC. It can be seen that the current reference 
is tracked successfully using the proposed controller with a fast response and less overshoot compared to the 
other controllers. Moreover, the GWO-ST-ISMC provides excellent performance regarding the chattering 
problem; the peak power of the PV system is tracked without fluctuations, as depicted in Figure 7. Thus, the 
efficiency is enhanced. 

The current curve of the legs is shown in Figure 8. The equal sharing of the current among legs is achieved 
thanks to the current control loop. That operation reduces the ripples and voltage stress of the switches and 
increases the power converted. 
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Figure 5. The PV panels voltage curve under solar irradiation. 
 

Table 4. summarizes data on PV voltage. 
 

Solar 
radiation step 

Settling time (ms) Overshoot (%) 

Start End PI SMC ST-SMC GWO-
ST-ISMC 

PI SMC ST-SMC GWO-
ST-ISMC 

0 0.1 10 3 2.3 1.4 6.80 0.98 0.24 0.27 
0.1 0.2 4.3 0.6 1.1 0.1 1.16 1.12 1.11 1.03 
0.2 0.3 1.2 0.5 0.2 0.1 0.20 0.31 0.20 0.06 
0.3 0.4 11 0.7 1.4 0.5 2.91 0.58 1.04 0.40 

 

 
 

Figure 6. The PV panel's current curve during the solar irradiation step changes. 
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Figure 7. PV power during sudden irradiation variation. 
 

 
 
 

Figure 8. The inductors’ current curves. 
 

The control strategies’ performance is evaluated using performance indices such as integral absolute error 
(IAE), integral square error (ISE), integral time absolute error and integral time square error (ITSE). Table 5 
compares the proposed strategy with other control techniques using these indices. It can be observed that 
GWO-ST-ISMC has a better performance compared to other control strategies. 
 

Table 5. Comparison of the performance indices.  
 

Control Strategies 
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 
 
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 a wide 
power range that allows to increase the efficiency of the PV panels by 99.8%. For future work, we propose to 
use nonlinear control to replace the PI inner loop controller and use adaptive control approaches to deal with 
the external disturbances affecting the system. 
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