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Abstract

This research offers the backstepping based grey wolf control design for a multifunctional PV grid-connected system (MPGC) based 

on four phases interleaved boost converter. This work proposes a solution to the issues of harmonic mitigation, reactive power 

compensation, and PV-generated power injection into the grid-based MPGC. The interleaved boost converter (IBC), controlled using 

maximum power point tracking (MPPT), is utilized to harvest the photovoltaic (PV) system's peak power and overcome the conventional 

topology's drawbacks. Direct power control (DPC) based on space-vector pulse width modulation (SVPWM) is used to control the 

instantaneous power of the MPGC, and the backstepping control (BSC) is applied to the whole system to maintain the robustness and 

stability of the suggested method. The Grey Wolf Optimizer (GWO) optimized the system's dynamic response by adjusting the BSC 

parameters. The results were obtained using MATLAB/Simulink software. The suggested work shows excellent performance based on 

the obtained results, achieving the sinusoidal waveform of the currents and a unity power factor. Total harmonic distortion (THD) has 

been decreased below 5% in accordance with IEEE 519-2014 standard.
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1 Introduction
Wind, solar, geothermal, and biomass energy are a few 
examples of renewable energy sources that are gaining 
popularity as an alternative to fossil fuels. PV systems 
are among the most rapidly expanding renewable energy 
sources due to their lack of emissions, low cost, unlimited 
availability, and widespread distribution [1]. Meanwhile, 
nonlinear loads are used in many applications and power 
electronic devices, such as voltage source inverters and 
adjustable speed drivers (ASD). It damages the distri-
bution grid current due to reactive power consumption, 
power factor retraction, and injecting harmonic currents 
into the grid [2, 3].

Interconnecting photovoltaic (PV) systems with the 
power grid are one of the essential functions that multi-
functional PV grid-connected systems (MPGC) provide 
for distributed generating grids, harmonics mitigation, and 
reactive power compensation to achieve unity power fac-
tor [4]. The MPGC typically features a two-stage power 

conversion scheme. The highest DC power possible from 
the PV system is provided in the first stage, generally using 
DC-DC boost converters. In contrast, this DC power is 
transported to the grid by converting it to AC power in the 
second stage, using PWM inverters [5]. The PWM inverter 
is generally used as a shunt active-power filter (SAPF) to 
reduce harmonic current, compensate for reactive power, 
and insert PV-generated energy into the main grid [6].

The solar panels are usually coupled with a DC-DC 
boost converter to raise their voltage and bring it up to the 
desired level by the DC link voltage. Moreover, it main-
tains the PV power close to the peak power using a max-
imum power point tracker (MPPT) controller. However, 
due to its benefits, which include low power ripple, high 
efficiency, a small size, and suitability for high-power 
applications, the interleaved boost converter is a topology 
utilized to avoid the restrictions inherent to the conven-
tional boost converter [7, 8].
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Generally, each stage of the MPGC structure consists 
of two control loops: the PV voltage and inductor current 
control loops in the first stage (PV-IBC) and the DC bus 
voltage and grid power control loops in the second stage 
(SAPF). When the direct power control (DPC) method is 
used for controlling the SAPF. As a result, there is a power 
coupling between both stages on the one hand and between 
them and the grid on the other, which means that the dis-
turbances of one loop affect the overall system.

On the other hand, the control performance and dynamic 
response of the MPGC system depend strongly on the 
selected controllers in whole control loops. The multiple lin-
ear and nonlinear control techniques developed for MPGC 
based on IBC have the same purpose with various function-
alities [8]. Linear controllers such as proportional integral 
controllers (PICs) have been proposed to achieve excel-
lent steady-state performance and dynamic response  [9]. 
Chettibi and Mellit [10] proposes a PI controller-based 
DPC-SVPWM strategy. Moreover, PSO is used to tune 
the DC bus voltage controller. However, the DC bus volt-
age behavior shows a high overshoot, a  considerable set-
tling time, and a high-power ripple. In addition, the inherent 
nonlinearities of the MPGC based on IBC and the undesir-
able perturbations due to parameters variation affecting its 
dynamics will not only impact its performance and stability 
but also lead to poor dynamic responses in transient states.

To further improve the control performance and dy- 
namic responses of the MPGC system and to overcome 
the PI controller's issues and weaknesses, several advanced 
nonlinear control techniques have been proposed for con-
trolling the MPGC systems in recent years. In [11], sliding 
mode control (SMC) based DPC-SVPWM is proposed to 
control the MPGC system, which shows superior control 
performance and dynamic responses over the PI control-
ler. Furthermore, SMC rejects external disturbances and 
exhibits robust performance versus variation of the system 
parameters. The main limitation of this control technique 
is the chattering phenomenon, which causes power loss 
and overheating of power switches.

Various papers propose a nonlinear backstepping tech-
nique (BSC) to overcome the SMC limitations and further 
improve the control performance and dynamic responses 
of distributed resource systems based on renewable en- 
ergy [12], grid-connected power converters [13], and ma- 
chine drives [14] have been recognized as an effective 
technique due to its benefits of recursive design, high 
robustness, and good performance under different oper-
ating scenarios. These factors have led to the BSC's 

widespread adoption in control of distributed resource 
systems that rely on renewable energy and grid-connected 
power converters [15–18]. Chebabhi et al. [15] proposed 
a BSC to control the DC bus voltage and output currents 
of SAPF. Naghmash et al. [16] proposed a BSC for MPPT 
in a photovoltaic system. Martin et al. [17] proposed a BSC 
for a  smart grid-connected photovoltaic power system 
based on a conventional DC-DC boost converter for tele-
com equipment. Hao et al. [18] investigated the BSC for 
the inner loop of four-phase IBC-based proton exchange 
membrane fuel cells.

Furthermore, the BSC-based DPC-SVPWM technique 
was investigated for a grid-connected photovoltaic system 
based on a conventional DC-DC boost converter to con-
trol the instantaneous active/reactive power and DC bus 
voltage simultaneously [19]. The obtained results confirm 
the superiority and effectiveness of BSC compared with 
the PICs in terms of rapidity, stability, harmonic mitiga-
tion, reactive power compensation, PV-generated power 
injection, and robustness. However, because all real-world 
systems are susceptible to change over time and there are 
many regulators in the overall system, it is not practical to 
constantly redesign the system and the regulators. These 
changes cause steady-state output errors, which reduce the 
regulator’s effectiveness. Consequently, the large power 
ripple in the case of a conventional DC-DC boost con-
verter is not considered; the high-power quality cannot be 
ensured when this converter is used.

This paper proposes a DPC-SVPWM based on back-
stepping control to control the MPGC system. The four-
leg interleaved boost converter is adopted in this work 
for its benefits, which include low power ripple, high 
efficiency, a  small size, and suitability for high-power 
applications  [20, 21]. To reduce the steady-state error in 
the DC bus voltage of the MPGC, a BSC with integral 
action (IBSC) with an anti-windup compensator has been 
used. The proposed BSC and IBSC controller parameters 
are calculated using the Grey Wolf Optimization (GWO) 
algorithm to obtain a  fast response time, zero steady-
state error, low overshoot, and reduced power ripple. 
The paper's objectives are:

•	 to inject the power of the PV system into the grid;
•	 compensate the reactive power to guarantee the pow- 

er factor unity;
•	 current harmonics mitigation that is generated from 

nonlinear loads;
•	 eliminate the drawbacks of the CBC by using an IBC 

topology;
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•	 optimize the BS controller to overcome the nonlin-
ear behavior of the system, ensure its robustness and 
stability, and enhance its performance.

2 System descriptions
The MPGC configuration comprises a three-phase invert- 
er connected to a three-phase grid network across three 
inductors, LS1, LS2, and LS3. The inverter DC side is associ-
ated in parallel with a capacitor supplied by an interleaved 
boost converter-based PV system. In addition, an uncon-
trolled three-phase rectifier with an RL charge is regarded 
as a nonlinear load connected to the grid. Fig. 1 depicts the 
system's structure under study.

Four legs interleaved boost converter [20, 21] is 
an enhanced boost converter used to overcome the CBC 
drawbacks. It consists of four CBCs connected in parallel 
to the same input and output and uses a pulse width mod-
ulation block with a 90° phase shift between their carrier 
signals. In Fig. 2, the FLIBC circuit has been presented.

3 Control approach
3.1 Direct power control-based backstepping technique
DPC-SVPWM is an enhanced version of the classical DPC 
proposed to eliminate its drawbacks and permit it to oper-
ate at a fixed switching frequency. The comparators and 
switching table are replaced with regulators and a space 
vector pulse width modulation block. The  SVPWM is 
used in the final step of DPC to generate the modulated 

signals (Sa, Sb, and Sc) for the PWM inverter switches 
based SAPF to generate the desired output voltages to the 
grid, as illustrated in Fig. 3.

By using Kirchhoff's law and the stationary frame, the 
deferential equation that describes the dynamics of the 
three-phase two-level inverter can be obtained as follows:

L di
dt

R i U V xf f fx x� � � � �, , ,� � 	 (1)

where Vx is the point of common coupling voltage (VPCC ), 
if   is the inverter current, and Uf   is the inverter output voltage.

The active power reference is delivered using an external 
control loop-based BS controller of the DC bus voltage con-
troller. The reactive power set point equals zero to guaran-
tee unity power factor operation [22]. According to instan-
taneous reactive power theory, the grid's instantaneous 
powers in a stationary reference frame can be expressed as:
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where Vs and is are the source voltage and current, re- 
spectively.

To design the backstepping controller of the MPGC, we 
need to use Eq. (1). Then, rewrite Eq. (1) as follows:
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Subsequently, the differential equation that describes 
the behavior of the instantaneous power of the MPGC can 
be obtained using Eqs. (2) and (3) as:
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We can rewrite Eq. (4) as follows:
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Fig. 1 Multifunctional grid-connected PV system-based IBC

Fig. 2 Four phases interleaved boost converter connected to PV panels Fig. 3 Direct power control with SVPWM-based GWO-BS scheme
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where:
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The DPC-SVPWM can directly control the active and 
reactive power thanks to the control ufα and ufβ. The power 
loop's control law is derived from the Lyapunov function. 
The tracking errors are defined as:
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Their time derivatives:
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The Lyapunov functions are selected as follows:
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Their time derivatives are represented as:
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The time derivatives of Lyapunov functions should be 
negative definite to ensure the system's stability, where 
V̇ 1 < 0 and V̇ 2 < 0. For that, let's assume:
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where K1 and K2 are definite positive constants. According 
to Eq. (11), the tracking error Eq. (8)'s time derivative is 
written as:
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Therefore, from Eq. (12), the control lows ufα and ufβ can 
be deduced:
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The inverter output voltage Uf can be deduced using 
Eqs. (6) and (13):
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3.2 DC bus voltage controller design
The operation of the DC bus voltage is described by the 
differential equation (Eq. (15)), which is written as:

V P
C VDC

DC DC

= . 	 (15)

The tracking error among the desired DC bus voltage 
and its measured value has been established to design 
the controller that provides the active power reference. 
The nonlinear backstepping controller allows the DC bus 
voltage to be at the desired value. Integral action is used 
to eliminate the steady-state error. Whereas the tracking 
error equations are expressed as:

e V V

e e dt
3

4 3

� �

�

�
�
�

�� �
DC

*

DC

. 	 (16)

The Lyapunov function can be represented as follows:
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where δ3 is a positive definite constant, the time derivative 
of V3 can therefore be defined as follows (Eq. (18)):
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Equation (18) can be rewritten as:
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The time derivative of V3 must be negative for system sta-
bility (V̇3 < 0). The Lyapunov function can be expressed as:

V K e
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where K3 is a positive definite constant.
According to Eqs. (19) and (20), we can deduce that:
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While Eq. (21) can be rewritten as:
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� � �� � �K e V V e
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From Eqs. (22) and (15), the control law P* can be 
deduced as:

P C V V K e e*

DC DC DC
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3 3 3 4
� . 	 (23)

A second integrator term includes an anti-windup 
loop [23], with a loop gain (G3) adjusted excessively high 
without impacting the intended performances to prevent 
the controller's output from being saturated because of the 
amplification of noise detection. Fig. 4 depicts the DC bus 
voltage controller with anti-windup back-calculation.

3.3 MPPT control algorithm
Numerous MPPT algorithms are utilized to optimize the per-
formance of the PV system [24, 25]. The most widely used 
and popular technique is perturb and observe (P&O) [26]. 
The features of this technique are that it is easy to imple-
ment and doesn't necessitate the characteristics of the PV 
generator or the measurement of solar irradiation and cell 
temperature [27]. The P&O flowchart is represented in 
Fig. 5. The first step is measuring the panel voltage and cur-
rent. The second step is calculating the panels' power and 
the voltage change. Then compare the results with the pre-
vious values to select the direction of the next perturbation.

3.4 Backstepping control of IBC
The modelling of the converter is important for controller 
design. The circuit diagram of the IBC presented in Fig. 2 
functioned in continuous conduction mode, where VPV and 
iLj are indicated as the state variables.

When the switch T1,2,3,4 is ON, the converter dynamics 
can be written as:

C
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where L = L1,2,3,4. When the switch T1,2,3,4 is OFF, the con-
verter dynamics can be given as:
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Therefore, the average dynamic equations of IBC can 
be written as:
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where Dj ϵ [0, 1] is the duty ratio of each leg.
An integral backstepping controller is designed to reduce 

voltage tracking errors by adjusting the duty ratio (Dj ). Let's 
consider the tracking errors of PV voltage as follows:
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In Eq. (28), the Lyapunov function V4 is selected as:
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21
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where δ6 is a positive definite constant.
The time derivative of the Lyapunov function must be 

negative definite to maintain the system's asymptotic sta-
bility (V4 < 0):
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Using Eqs. (27) and (29), we get:

  V e V V ePV PV4 5 6 6
� � �� �* � . 	 (30)

For V̇ 4 be a negative definite, let's assume that:

Fig. 4 Block diagram of DC bus voltage controller

Fig. 5 The flowchart of the P&O method
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 V V e K ePV PV
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where K4 is a positive definite constant. Therefore, V̇ 4 be- 
comes:

V K e
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2� � . 	 (32)

Using Eqs. (26) and (31) can be written as:
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Rewriting Eq. (33) as follows:

i i C V K e ein PV PV PV� � � �� �

*

5 5 6 6
� . 	 (34)

To ensure the current equal sharing among legs, let's 
consider λ as a reference and its mathematical expression 
written as follows:
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Another tracking error is defined for the inductor's cur-
rent control loop as:

e ij Lj7
� �� . 	 (36)

And the Lyapunov function is given as:

V ej j5 7

21

2
= . 	 (37)

With a negative definite derivative, the Lyapunov func-
tion guarantees that the system will remain stable.



V e ej j j5 7 7
= . 	 (38)

V̇ 5 to be negatively definite, let:

e K ej j j7 7 7
� � , 	 (39)

where K7j is a positive definite constant. Therefore, Eq. (36) 
becomes:

V K ej j j5 7 7

2� � . 	 (40)

Using Eqs. (26) and (36), Eq. (39) can be rewritten as 
follows:
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1
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V D V K ePV j j jDC
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Therefore, the control law of each leg can be deduced 
from Eq. (41) as follows (Eq. (42)):

D
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L
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7 7

DC DC

� . 	 (42)

3.5 Grey Wolf Optimizer
The Grey Wolf Optimizer (GWO) [28] is a bio-inspired 
method that mimics the hunting behavior of the grey 
wolf group. Generally, the group size ranges from 5 to 
12 wolves [29]. The hierarchical system of There are four 
tiers in the grey wolf social hierarchy: alpha (α), beta (  β ), 
delta (δ), and omega (ω), where alpha is the leader level, 
and the three lower levels must follow it. The second-level 
beta can provide feedback and help the alpha-level make 
decisions. In addition, lead the two lower levels. The delta 
level dominates the lowest omega and submits to the alpha 
and beta levels. The rest wolves are the last level of omega, 
and they are not important in the group but are required to 
protect the dominant structure.

Muro et al. [30] describe the principal steps of grey 
wolf hunting behavior, which are as follows:

1.	 Approaching, tracking, and pursuing the prey.
2.	Pursuit, harass, and encircling maneuver, tracking, 

and hunting the prey.
3.	 Attack and hunt the prey.

The following mathematical equations (Eqs. (43) and 
(44)) describe the procedures mentioned above:
   

D C X i X ip� � � � � � � , 	 (43)

   

X i X i A DP�� � � � � � �1 , 	 (44)

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. 



A  and 


C  are coefficient vectors that can be 
computed using Eqs. (45) and (46):
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C r= 2
1
, 	 (45)
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 A ar a� �2
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whereas r1 and r2 are random numbers that vary in each 
iteration among the range [0, 1]. In addition, a  is a 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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1

2
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, 	 (47)

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. 

 

C C
1 2
,  and 



C3  are the 
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coefficient vectors of the first three best fittest positions X1, 
X2, and X3. And Xα, Xβ, and Xδ are the best search agents.

The three best positions of grey wolves are expressed 
in Eq (48) as:
   

   

   

X X A D

X X A D

X X A D

1 1

2 2

3 3

� � � �
� � � �
� � � �

�

�
��

�
�
�

� �

� �

� �

, 	 (48)

The formula below can be used to compute the position 
of the prey for the best search agent.



  

X i
X X X

�� � � � �
1

3

1 2 3
. 	 (49)

The pseudo-code of GWO is presented in Algorithm 1.

4 Simulation results
The proposed system has been investigated in a simula-
tion developed using MATLAB/Simulink software [31]. 
Numerous simulation tests have been verified under vari-
ous operating conditions to prove the performance of the 
proposed scheme. The simulation results of MPGC based 
on an IBC controlled using GWO-BS have been compared 
with those obtained using a PI controller. The simulation 
and GWO-BS controller parameters are listed in Tables 1 
and 2, respectively.

Fig. 6 depicts the waveform and spectrum of the source 
current before the insertion of the MPGC. The source cur-
rent is highly deformed, and its total harmonic distortion 
(THD) value equals 24.74%. Firstly, the proposed system 
will be examined when the PV panels are disconnected. 
The aim is to demonstrate their performances in harmonic 
mitigation, reactive power compensation, and PV power 

injection. Fig. 7 illustrates the balanced source voltages 
and current, the load current, and the filter current, respec-
tively. After inserting the filter at 0.1 [s], the source current 
waveform appears purely sinusoidal and in phase with the 
grid voltage. The waveform of the DC bus voltage is shown 
in Fig. 8, where the reference is reached at 21.58 [ms].

The waveforms that describe the behaviors of active and 
reactive power are shown in Fig. 9. The results demonstrate 

Algorithm 1 GWO pseudo-code

1. Initialize the population of the GW Xi (i = 1, 2, …, n).

2. Initialize a, A, C.

3.
Define each search agent's fitness function. Set Xα, Xβ, and Xδ 
as the best, the second best, and the third best search agent, 
respectively.

4. While (i < max iteration).

5. Update the position of each search agent using Eq. (49).

6. Update a, A, C.

7. Calculate each search agent's fitness function.

8. Update Xα, Xβ and Xδ.

9. Set i = i + 1.

10. End While.

11. Return Xα.

Table 1 Simulation parameters

MPGC parameters PV panels rated power

Parameter Value Irradiation Power 

Source voltage Vmax 57 V 200 W/m2 206 W

Source frequency 50 Hz 400 W/m2 417 W

RS, LS 0.45 Ω, 2.5 mH 1000 W/m2 1022 W

Rf  , Lf 0.6 Ω, 4 mH IBC parameters

Rc , Lc 0.6 Ω, 1 mH L 8 mH

RL , LL 16 Ω, 1 mH Switching 
frequency 10 KHz

CDC 1100 μF

DC bus voltage VDC 160 V CPV 100 uF

Table 2 GWO-BS controller parameters

GWO-BS controller Parameter value

Power controller
K1 = 10 × 107

K2 = 10 × 107

DC bus controller

K3 = 185.3369

δ3 = 7786.4

G3 = 1469.5

IBC controller

K5 = 44.46 × 106

K7 = 4 × 104

δ6 = 3 × 104

Fig. 6 Simulation results before harmonic mitigation; (a) Source 
current; (b) Harmonic spectrum
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the effectiveness of the proposed controller, as the two ref-
erences are tracked quickly. Whereas the reactive power is 
approximately equal to zero, this result indicates the unity 
power factor. On the other hand, the power ripple is reduced 
compared to a PI controller, as shown in Fig. 9 (b) and (c).

The spectrum analysis of the source current after insert-
ing the MPGC has been illustrated in Fig. 10. The  total 

harmonic distortion (THD) is reduced from 24.83% to 
1.76% using the PI controller and 0.96% using the GWO- 
BS controller, which meets the IEEE 519-2014 standard [32] 
and confirms the excellent performance of the GWO-BS.

The MPGC-based GWO-BS controller investigated 
a load perturbation condition where the load resistance 
changed at t = 0.2 [s] from RL = 16 [Ω] to RL =12 [Ω] and vice 

Fig. 7 Simulation results after inserting MPGC with 0 W/m2; (a) PCC voltage; (b) Source current; (c) Load current; (d) Inverter current

Fig. 8 The DC bus voltage simulation result (0 W/m2)
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versa at t = 0.3 [s]. The simulation results show that the filter 
rejects the disturbance in which the DC bus voltage quickly 
recovers its reference after a load change occurs. The active 
power reference is rapidly tracked, as shown in Fig. 11.

The simulation results obtained after inserting the PV 
panels are shown in Fig. 12. Before inserting the PV pan-
els, the nonlinear load was supplied with the necessary 
power using only the grid and the MPGC. After inserting 
the PV panels at t = 0.2 [s], the PV panels inject the energy 
generated into the grid, which reduces the source current 
generated, as shown in Fig. 12 (a). When solar irradiation 
increased, the source current decreased. In t = 0.4 [s], the 
source current has become negative due to the power of 
the PV panels, which has become higher than the load 
power demand. The DC bus voltage behavior during the 
PV panels injection is depicted in Fig. 12 (b). The DC bus 

voltage shows a reduced overshoot when inserting the PV 
panels, but it quickly tracks its reference.

When the irradiation varied from 200 W/m2 to 400 W/m2 
and 400 W/m2 to 1000 W/m2. In Fig. 12 (c), when the PV 
panels launched, the active power of the source decreased. 
The high irradiation will increase the PV power gener-
ated, and thus the active power of the source will decrease. 
As previously stated, at t = 0.4 s, the power of the PV panels 
is higher than the load power, resulting in a negative source 
power. Throughout these tests, the source’s reactive power 
remained close to zero.

After installing the PV panels, the source current was 
examined using a fast Fourier transformation. Under 
200  W/m2 irradiation, the THD equals 1.42% using 
GWO-BS. And under irradiation equal to 400 W/m2, 
the THD for the proposed GWO-BS is 3.44%. Finally, 

Fig. 9 Simulation results of the active and reactive power behavior before and after inserting the MPGC (0 W/m2); (a) Active and reactive power; 
(b) Active power zoom; (c) Reactive power zoom
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the THD for irradiation equal to 1000 W/m2 is 2.34%. 
In Table 3, a comparison has been performed to compare 
the proposed controller with the PI controller.

5 Conclusions
This paper investigates fixed switching direct power con-
trol-based back-stepping controller optimized thanks to 

Fig. 10 The spectrum analysis of source current using; (a) PI; (b) GWO-BS

Fig. 11 The simulation results of the MPGC behavior under load variation; (a) Source current; (b) DC bus voltage; (c) Active power
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the GWO algorithm for interleaved boost converter-based 
MPGC systems. MATLAB/Simulink simulation results 
confirm the proposed configuration's performance and evi-
dence of its effectiveness as a solution for PV power injec-
tion in the grid, current harmonics mitigation, and reactive 
power compensation. The source current's total harmonic 
distortion (THD) was minimized from 24.74% to 0.96% 
to satisfy the IEEE 519-2014 standard [32], and the unit 

power factor was reached due to the reactive power com-
pensation strategy. The results show the response of the pro-
posed system under changing load, where disturbances are 
rejected quickly. After inserting the PV panels through the 
IBC, the active power generated by the source is decreased. 
The  obtained THDs of source current while injecting the 
PV power are 1.42%, 3.44%, and 2.34% for 200 W/m2, 
400 W/m2, and 1000 W/m2 of solar radiation, respectively. 

Table 3 Comparative study of DPC-GWOBS and DPC-PI

Controller Settling time [ms] Overshoot (%) Power ripple (w) ITAE THD% 
(0 W/m2 )

THD% 
(200 W/m2 )

THD% 
(400 W/m2)

THD% 
(1000 W/m2 )

DPC- PI 25.74 4.2 20.05 0.1511 1.76 2.4 4.74 3.79

DPC-GWOBS 21.58 0 12.60 0.1299 0.96 1.42 3.44 2.34

Fig. 12 The simulation results of the PV Grid-connected system before connecting the PV panels and after coupling it; (a) Source current; (b) DC bus 
voltage; (c) Active and reactive power
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Those results demonstrate the effectiveness of the GWO-BS. 
Moreover, the proposed scheme can operate under changing 
climatic conditions. Therefore, the system investigated can 
mitigate the current harmonics, reactive power cancellation, 
and PV power injection with less THD and power ripple.
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