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1. Introduction 
The environmental impacts, such as the energy disaster, environmental pollution, and low energy 

efficiency measures, are the serious concerns encountered in world the last decades. To tackle these 
difficulties and fill the energy needs, the power suppliers have begin shifting to the renewable energy-
based power-producing technologies [1]. 

Due to its high degree of technological maturity, low cost, and zero gas emissions when compared 
to other renewable sources, the Wind Power Generation System (WPGS) has emerged as one of the 
most popular renewable energy resources (RER) in recent years. A wind turbine is a mechanical 
device that uses wind flow to generate rotational energy, which an electrical machine then transforms 
into electrical energy [2]. The utilization of DFIGs in WPGS has become common. DFIG-based wind 
turbines offer various benefits over other types. They maximise energy capture over a range of wind 
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 Integration of the wind power into the electrical grid to improve grid 
flexibility with additional generation capacity can also affect the quality of 
the power, like voltage variations and harmonics. To solve this issue, a grid-
side converter has been used like a shunt active power filter (SAPF), 
mitigating grid current harmonics generated by nonlinear loads while 
simultaneously managing bidirectional power flow between the grid and the 
rotor of the doubly fed induction generator (DFIG). The SAPF is controlled 
using the predictive current control and is supplied by a wind energy system 
through a DC-link capacitor. This paper presents a modified grid-side 
converter (GSC) control technique using the sine cosine algorithm (SCA) 
by tuning the PI regulator’s parameters that is designed to keep the constant 
DC bus voltage and to compensate for system losses. The efficacy of the 
proposed control approach is modeled and verified according to 
MATLAB/Simulink, and it offers significant potential for enhancing power 
quality efficiency, minimizing grid harmonics, and boosting system 
robustness. 
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speeds by enabling different speed operation. In order to lower expenses and energy losses, they also 
employ a partially rated power electronic converter, which usually uses around thirteen percent of the 
total power output [3], [4]. Wind power depends greatly on wind speed, seasons, location, and many 
other factors that impede a continuous flow of power to feed loads. Therefore, it is essential to harness 
the wind's utmost power. Therefore, the MPPT is employed to harvest the maximum power from the 
wind. Power fluctuation can typically induce voltage and frequency restrictions in weak systems. This 
can also be a major problem for the system’s stability. Hence, there is a requirement for power 
electronics in wind power systems control to obtain high efficiency and higher performance [5]. Power 
electronic converters are utilised to match wind turbine characteristics with grid connection 
specifications, such as frequency, harmonics, active and reactive power, etc. [6]. 

In general, the stator windings of the DFIG are directly attached to the electrical network, whereas 
the rotor windings are driven by bidirectional PWM voltage converters (VSC) [7]. Mohd. Hasan Ali 
[8] described the quality of grid power and DFIG power, which are prime of importance in today’s 
era. But the rapid advancement and great development in the manufacture of electronic components, 
made the modern power systems capable to contain a combination of linear and nonlinear loads. 
Recently, the extensive utilization of power electronic components (transistors, thyristors, etc.) as 
switching devices in power converters (such as diode or thyristor rectifiers) has significantly 
expanded. Consequently, harmonics continue to be produced by nonlinear loads, which compel the 
power system to function at a low power factor, diminished efficiency, distorted current and voltage 
waveforms, and heightened losses in transmission and distribution lines [9].  Passive filters have 
historically been used to solve problem with power quality. Unfortunately, passive filters are heavy 
and can only filter the particular frequencies for which they are tuned. An inventive method for 
enhancing electrical network power quality is the shunt active power filter (SAPF). SAPF's tiny size, 
versatility, and superior filtering capabilities are some of its benefits. 

Generally, the SAPF is a three-phase current-controlled voltage source inverter with a DC-side 
storage capacitor and AC-side interfacing filter inductors. It serves as a current source supplying the 
load with proper harmonic currents and reactive power to maintain balanced three-phase supply 
currents with pure sinusoidal [10], [11]. 

The creation of reference currents and the current control are the main operation of the SAPF. 
For reference current extraction [12], synchronous reference frame, capacitor voltage control, neural 
networks, Fourier series, Kalman filter [13], and pq theory [14], a number of techniques have been 
developed. Synchronous reference frame (SRF) theory with direct power control (DPC) [9]. 

The predominant contemporary tracking methodologies are hysteresis and linear pulse width 
modulation (PWM). Hysteresis is a nonlinear control method in which the current error is regulated 
using a hysteresis band controller. Switching signals are altered when a current error exceeds a specific 
threshold [15]. A tight hysteresis band is necessary to ensure precise current tracking, leading to a 
high switching frequency. PWM is a linear control methodology that employs a proportional-integral 
(PI) controller to produce reference voltage signals. A modulating stage is necessary, utilizing either 
carrier triangular waveforms or space vector modulation (SVM), to produce the requisite gating 
signals. Nonetheless, PI control in the stationary reference frame yields inadequate and sluggish 
responses with subpar tracking performance due to the extensive frequency spectrum of the harmonic 
content [16]. 

Due to these flaws in traditional control approaches, it has been discovered that there is a need 
for a simple and precise current tracking ability methodology. In this paper, an MPCC algorithm is 
employed in SAPF due to its high accuracy, simple idea, and easy addition of system nonlinearities 
[17], [18]. 

In addition, DC interface voltage of the VSI is controlled by using a classical PI controller. In 
classical technique the derived PI values are not agreeable. Thus, by applying the SCA control 
program, the derivedPI values are exact and maintain the constant DC bus voltage when its compared 
with the classical PI controller. 
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Generally, in this work, two different control mechanisms are taken up for implementation. In 
order to balance current harmonics and reactive power, the Hysteresis control and the MPC algorithm 
are utilized to control the SAPF power switches to produce the opposite harmonics and to inject them 
at the point of common coupling (PCC). The second technique gave by far the best outcomes. In 
addition, the DC interface voltage of the VSI is adjusted by utilising the SCA-PI control approach, 
verified by a simulation with MATLAB software. 

2. System Description 
Fig. 1 shows the basic block diagram of a grid-connected Doubly Fed Induction Generator 

(DFIG)-based Wind Power Generation System (WPGS).  The system includes a wind turbine, 
gearbox, a DFIG, back-to-back converters, and a bridge rectifier acting as a nonlinear load. The DFIG 
stator is directly connected to the grid, and the rotor is connected via back-to-back converters.  The 
nonlinear load introduces current harmonics at the point of common coupling, which are mitigated 
using a shunt active power filter (SAPF). The SAPF consists of: three-leg voltage source inverter 
(VSI) with a DC-link capacitor and six IGBT switches with anti-parallel diodes. Its effectiveness 
depends on generating a reference signal that mirrors the load harmonics. In this work, the 
instantaneous active and reactive power (p–q) method is used to extract the reference harmonics. 
Predictive current control (MPCC) manages the SAPF switching, while the SCA-PI controller 
maintains the DC-link voltage under varying disturbances. The generated compensating currents are 
injected at the PCC to cancel the harmonics. The performance of the SAPF and its control strategies 
was validated through MATLAB simulations. 

 
Fig. 1. Principle scheme of an SAPF fed by a wind system 
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3. Wind Power Generation System (WPGS) 
Generally, wind turbine system involves two fundamental subsystems: mechanical and electrical. 

The aerodynamic turbine and DFIG are connected via a gearbox (Fig. 2). The WPGS converts the 
wind’s kinetic energy	𝐏𝐰 into mechanical power	𝐏𝐦, which is transformed into electrical power	𝐏𝐞. 
The generated electrical power is fed directly into the grid through power converters. 

 
Fig. 2. Mechanical parts-based DFIG [19] 

3.1. Modeling of the Wind Turbine 

The mechanical power generated by the wind turbine (Fig. 3) is expressed by [19]: 

𝑃$ =
1
2
𝜌𝐴𝐶%(𝜆, 𝛽)𝑉& (1) 

Where	𝑉 is the wind speed (in 𝑚. 𝑠'(),	𝐴 is the swept area (𝑚)), 𝐶% is the turbine’s performance 
coefficient which depends on the rotor blades’ pitch angle of 𝛽 (in degrees), and 𝜌 is the air density 
(𝑘𝑔.𝑚'&).  

 
Fig. 3. Block diagram of wind turbine [21] 

The tip-speed ratio is 𝜆. The ratio (𝜆) is given by: 

𝜆 =
𝑅Ω*
𝑉

 (2) 

Here 𝑅 denotes the blade length (in 𝑚𝑒𝑡𝑒𝑟𝑠). The turbine rotor’s the rotational speed is presented 
by Ω* (in 𝑟𝑎𝑑. 𝑠'(). The power coefficient of 𝐶%(𝜆, 𝛽) is provided from the following expression:  

𝐶%(𝜆, 𝛽) = 0.5176 @A
116
𝜆+

− 0.4𝛽 − 5D
𝑒')(

𝜆+
+ 0.0068𝜆G	 (3) 
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1
𝜆+
=

1
𝜆 + 0.08

−
0.035
𝛽& + 1

 (4) 

The mechanical torque of turbine is given by the division of turbine power and speed rotation as 
detailed in following function: 

𝑇* =
𝑃*
𝛺*

=
1
2𝛺*

𝐶%(𝜆, 𝛽)𝜌𝜋𝑅)𝑉& (5) 

In this context, 𝜌 denotes the density’s air, 𝑅 is the turbine radius, 𝑉 is the wind velocity, 𝜆 is the 
tip-speed ratio, Ω* represents the turbine’s mechanical angular velocity. 

3.2. Multiplier Model 

The small speed of the turbine is transferred to maximum speed via a gearbox to be able to turn 
the DFIG shaft [20]. The equation expressing the mechanical coupling between the turbine and DFIG 
is given in the following function: 

L
𝛺* =

𝛺,
𝐺

𝑇, =
𝑇*
𝐺

 (6) 

Where 𝑻𝒈 Is the electromagnetic torque of DFIG and 𝑮 is the gear ratio. 

3.3. Mechanical Equation of the Shaft 

The mechanical equation of the rotating parts is detailed in (7) [21]: 

	𝐽
𝑑𝛺$
𝑑𝑡

= 𝑇* − 𝑇.$ − 𝑓𝛺, (7) 

Where 𝑱 is the system total inertia, 𝒇  is the coefficient of viscous fraction. 

3.4. Maximum Power Point Tracking (MPPT) 

Fig. 4 illustrates the theory of MPPT control for a wind turbine without regulating the rotational 
speed. The purpose is to enhance the capture of wind energy by monitoring the ideal torque. 𝑻𝒆𝒎∗ 	[22]‒
[25]: 

𝑇.$∗ = 𝐾Ω$)  (8) 

With 

𝐾 =
1
2
𝜋𝜌𝑅2

𝐶%$34
𝜆5%*&  (9) 

 

 
Fig. 4. MPPT control strategy [21] 
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3.5. Dynamic Model of a DFIG 

The electrical expressions in the (d, q) reference can be written by the following differential 
equations [26], [27]: 

⎩
⎪⎪
⎪
⎨

⎪⎪
⎪
⎧ 𝑉67 = 𝑅7𝐼67 +

𝑑Φ67

𝑑𝑡
− 𝜔7Φ87

𝑉87 = 𝑅7𝐼87 +
𝑑Φ87

𝑑𝑡 + 𝜔7Φ67

𝑉69 = 𝑅9𝐼69 +
𝑑Φ69

𝑑𝑡
− (𝜔7 −𝜔)Φ89

𝑉89 = 𝑅9𝐼89 +
𝑑Φ89

𝑑𝑡 + (𝜔7 −𝜔)Φ69

 (10) 

Where 𝑅7 and 𝑅9 denote the stator and rotor’s respective phase resistances. 

In the (d, q) reference frame, the stator and rotor fluxes formulas are [28]: 

	

⎩
⎨

⎧
Φ76 = 𝐿7𝐼76 +𝑀𝐼96
Φ78 = 𝐿7𝐼78 +𝑀𝐼98
Φ96 = 𝐿9𝐼96 +𝑀𝐼96
Φ98 = 𝐿9𝐼98 + 𝐿𝐼98

 (11) 

Where 𝐿7 and 𝐿9 denoted the inductances of the stator and rotor, while 𝑀	is the mutual inductance 
linking both windings. In addition, 𝐼76, 𝐼78,𝐼96, and 𝐼98refer to the d- and q-axis components of the 
stator and rotor currents [29]‒[31]. 

The DFIG electromagnetic torque formula is: 

𝑇.$ =
𝑃𝑀
𝐿7

^Φ78𝐼96 −Φ76𝐼98_ (12) 

The following equation expressed how state-space equations in the synchronous reference frame, with 
the d-axis aligned along the stator flow, can be used to define the DFIG model [32]: 

`
𝑉67 = 0

𝑉89 = 𝑉7 = 𝜔7Φ67
 (13) 

The stator's active and reactive powers provided to the grid, are given as follows [33], [34]: 

`
𝑃7 = 𝑉67𝐼67 + 𝑉87𝐼87
𝑄7 = 𝑉87𝐼67 − 𝑉67𝐼87

 (14) 

The expressions of rotor voltages as a function of rotor currents [35]: 

⎩
⎨

⎧ 𝑉69 = 𝑅9𝐼69 + 𝜎𝐿9
𝑑𝐼69
𝑑𝑡

− 𝑔𝜔7𝜎𝐿9𝐼89

𝑉89 = 𝑅9𝐼89 + 𝜎𝐿9
𝑑𝐼89
𝑑𝑡

+ 𝑔𝜔7𝜎𝐿9𝐼69 + 𝑔
𝑀𝑉7
𝐿7

 (15) 

Where the DFIG's dispersion coefficient is defined by [36]: 

𝜎 = c1 −
𝑀)

𝐿7𝐿9
d (16) 
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4. Shunt Active Power Filter (SAPF) 
The shunt active power filter (SAPF) is a power electronic device that is mainly used to eliminate 

currents harmonics produced by nonlinear load, compensate reactive power and improve power factor 
by generating or absorbing reactive currents. The SAPF injects the equal and opposite harmonic 
current for making the grid current sinusoidal [37].  

4.1. PQ Theory Algorithm 

The initial step of the SAPF process involves the creation of reference current. The predominant 
method for generating reference current generated from the instantaneous active and reactive power 
approach (p-q theory), as depicted in Fig. 5, proposed by Akagi in 1983, which considers the three-
phase system as a unified system. 

 
Fig. 5. Block diagram of PQ theory [38] 

The PQ algorithm is based on a set of instantaneous power, where three-phase supply voltages 
(𝑉73, 𝑉7:, 𝑉7;) and currents load (𝐼<3, 𝐼<:, 𝐼<;) are converted by the Clarke transformation (α-β) [38], 
[39], and written as: 

e
𝑥=
𝑥>g =

h2
3
⎣
⎢
⎢
⎡1 −

1
2 −

1
2

0
1
2√3

−
1
2√3⎦

⎥
⎥
⎤
p
𝑥3
𝑥:
𝑥;
q (17) 

Where 𝑥 stands for voltage and current. Invariant power transformation uses factor 2/3. 

e
𝑉7=
𝑉7>

g = h2
3
⎣
⎢
⎢
⎡1 −

1
2 −

1
2

0
1
2√3

−
1
2√3⎦

⎥
⎥
⎤
p
𝑉73
𝑉7:
𝑉7;
q (18) 

e
𝐼<=
𝐼<>
g = h2

3
⎣
⎢
⎢
⎡1 −

1
2 −

1
2

0
1
2√3

−
1
2√3⎦

⎥
⎥
⎤
p
𝐼<3
𝐼<:
𝐼<;
q (19) 

Following the conversion of voltages and currents, the instantaneous values of real power	𝒑, and 
imaginary power	𝒒, are: 

t
p
qw = e

V?α V?β
−V?β V?α

g e
I@α
I@β
g (20) 

The (α-β) axis currents references are provided as: 

@
𝐼A=∗

𝐼A>
∗ G =

1
𝑉7=) + 𝑉7>

) e
𝑉7= −𝑉7>
𝑉7> 𝑉7=

g e𝑝{qg (21) 
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By using the inverse Clarke transformation on the stationary-frames reference currents, the three-
phase reference current of SAPF is determined: 

|
𝐼A3∗

𝐼A:∗

𝐼A;∗
} = h2

3

⎣
⎢
⎢
⎢
⎡
1 0

−
1
2

1
2√3

−
1
2 −

1
2√3⎦

⎥
⎥
⎥
⎤

@
𝐼A=∗

𝐼A>
∗ G (22) 

4.2. Conventional Hysteresis Current Control Technique (HCC) 

Feedback-based current control techniques are used in high-current control (HCC) technology. 
PWM signals for the converters are generated by HCC according to the hysteresis band restrictions. 
As shown in Fig. 6, the reference signal from the control circuit is compared with the source current. 
When the current reaches the upper boundary of the hysteresis band, the upper switch is deactivated 
and the lower switch is turned on, causing the current to drop. Conversely, when the current falls 
below the lower threshold, the lower switch is turned off and the higher switch is triggered, pushing 
the current to rise [40], [41]. 

 

Fig. 6. Hysteresis current control PWM controller [38] 

Some advantages and disadvantages of this technology are listed below: 

A few advantages: 

• the easiness of implementation. 

• the good dynamics and robustness. 

A few disadvantages: 

• the switching frequency is variable, and it varies according to the width of the hysteresis band 
and the current’s rate of change.  

• the action control is applied separately for each of the three phases. 

• the electrotechnical system structure enforces that at any instant the sum of the three [42]. 

5. Predictive Current Control 
The foundation of the Model Predictive Control (MPCC), as illustrated in Fig. 7, lies in 

forecasting the behavior of controlled variables using the system's model. The controller will utilize 
this information to implement the optimal voltage vector from the eight available options. A selection 
criterion must be established. This criterion comprises a cost function that will be assessed for the 
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anticipated values of the variables to be regulated. Will be selected and sent to the filter switches [43], 
[44].  

 

Fig. 7. Predictive current control block diagram [43] 

This MPCC technique applied in this work be summarized through the steps: 

• Extrapolating reference current; 

• Calculate predicted SAPF currents; 

• Build the converter model and its possible switching sequences (voltage vectors); and  

• Define an appropriate cost function 𝑔. 

1. Extrapolating the reference current (given in (22)) by using Lagrange method defined by: 

𝑖A4∗ (𝑘 + 1) = 3𝑖A4∗ (𝑘) − 3𝑖A4∗ (𝑘 − 1) + 𝑖A4∗ (𝑘 − 2)  (23) 

2. The predicted currents of the SAPF at the discrete time step (k + 1) are given by: 

The one phase equivalent circuit of the system composed of SAPF + grid + nonlinear load is 
shown in Fig. 8. 

 
Fig. 8. One phase equivalent circuit of an SAPF connected to a nonlinear load fed by the grid [43] 

𝑑𝑖A
𝑑𝑡

+
𝑅A
𝐿A
𝑖A =

𝑒 − 𝑉A
𝐿A

 

𝑖A4
% (𝐾 + 1) = 𝐴𝑖A4(𝐾)	+ 	𝐵 �𝑉7(𝐾) − 𝑉A(𝐾)� (24) 
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𝐴 =	𝑒
'B!C

D"
E"F G

≈ 1 −
𝑅A
𝐿A
𝑇7 (25) 

𝐵 =	
1 − 𝑒'H

B! IJ K

𝑅A
≈
1 − 1	 A

D"
E"
𝑇7D

𝑅A
≈
𝑇7
𝐿7

 (26) 

Where x represents phase (a, b and c), 𝑒 represents the mains phase voltage at the Point of 
Common Connection, 𝑇7 is the sampling period, 𝑖A denotes the corresponding phase current 
supplied by the SAPF, 𝑉Ais the average voltage of the SAPF leg. The filter inductors are 
characterized by their resistance 𝑅Aand inductance 𝐿A. 

Here the coefficients	𝐴, 𝐵are approached by a Taylor series. The time constant 𝜏 of the stage’s 

output of SAPF is denoted as 𝜏	 = 	 𝐿A 𝑅A� . 

(𝐾 + 1) = c1 −
𝑅A
𝐿A
𝑇7d 𝑖A4(𝐾) 	+	

𝑇7
𝐿7
�𝑉7(𝐾) − 𝑉A(𝐾)� (27) 

3. The voltage vector (Fig. 9) which minimizes the current error is selected and the related optimal 
switching state signals are provided to the filter switches using Table 1. The DC source, the 
switching state of the power switches Sx, for	𝑥	 = 	1,6����, can be given by Sa, Sb, and Sc. 

𝑆3 =	 `
1						𝑖𝑓𝑆(		𝑜𝑛𝑎𝑛𝑑	𝑆M		𝑜𝑓𝑓
0							𝑖𝑓𝑆(		𝑜𝑛𝑎𝑛𝑑	𝑆M		𝑜𝑛

 (28) 

𝑆: = `1								𝑖𝑓𝑆)		𝑜𝑛𝑎𝑛𝑑	𝑆2		𝑜𝑓𝑓0									𝑖𝑓𝑆)		𝑜𝑛𝑎𝑛𝑑	𝑆2		𝑜𝑛
 (29) 

𝑆; = `1					𝑖𝑓𝑆&		𝑜𝑛𝑎𝑛𝑑	𝑆N		𝑜𝑓𝑓0								𝑖𝑓𝑆&	𝑜𝑛𝑎𝑛𝑑	𝑆N		𝑜𝑛
 (30) 

These switching signals introduce the value of the voltages’ output 

	𝑉3 = 𝑆3𝑉6; (31) 

	𝑉: = 𝑆:𝑉6; (32) 

𝑉3 = 𝑆;𝑉6; (33) 

Where 𝑉6; is the DC source voltage. 

 
Fig. 9. Voltage vectors in the complex plane [45] 
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Table 1.  Switching states and voltage vectors 

𝐒𝐚 𝐒𝐛 𝐒𝐜 Voltage vector V 
0 0 0 V# = 0 

1 0 0 V$ =
2
3V%& 

1 1 0 V' =
1
3V%& + j

√3
3 V%& 

0 1 0 V( = −
1
3V%& + j

√3
3 V%& 

0 1 1 V) = −
2
3V%& 

0 0 1 V* = −
1
3V%& − j

√3
3 V%& 

1 0 1 V+ =
1
3V%& − j

√3
3 V%& 

1 1 1 V, = 0 
 
4. Cost function 𝑔 evaluates the error between the generated reference current and the predicted 

current calculated by the prediction law in the next sampling time for the all eight possible 
voltage vectors.  

		𝑔 = �𝑖A=∗ (𝑘 + 1) − 𝑖A=
% (𝑘 + 1)� + �𝑖A>

∗ (𝑘 + 1) − 𝑖A>
% (𝑘 + 1)� (34) 

Where 𝑖A=∗ (𝑘 + 1), 𝑖A=
% (𝑘 + 1), and  𝑖A>

∗ (𝑘 + 1), 𝑖A>
% (𝑘 + 1)	are the real and imaginary parts of  

refer components of the predicted and reference filter currents in the stationary frame, 
respectively [45], [46]. 

6. Voltage Regulation of DC Link 
The quality and the SAPF performance depend strongly on the accuracy of the compensating 

reference current, in which the dc link voltage control plays a significant role. Variations in the 
compensating current can cause decrease or increase of dc-link voltage (Vdc). To guarantee that the 
VSI operates correctly at a given reference value, the inverter’s DC side must remain stable. For this 
purpose, both controllers have been compared and incorporated into the system [47]:  

• PI controller  

• SCA-PI controller  

6.1. PI Controller 

A conventional approach is employed for controlling the DC-link voltage, where a PI controller 
with appropriately chosen proportional and integral gains, is used, as depicted in Fig. 10. This 
controller minimizes voltage fluctuations and ensures a stable DC-link voltage response. In this study, 
the PI gains are determined using a traditional pole placement method [48], [49]. 

𝑉6;(𝑆)
𝑉6;∗ (𝑆)

=
𝐾O . 𝑆 + 𝐾+

𝐶. 𝑆) + 𝐾O . 𝑆 + 𝐾+
=

P-
P.
. 𝑆 + 1

Q
P.
. 𝑆) +	P-

P.
. 𝑆 + 1

 (35) 

𝐹(𝑆) =
1

(
R/0
	 . 𝑆) + )S

R/
. 𝑆 + 1

   (36) 

𝐾O = 2. 𝜉. 𝜔T. 𝐶  (37) 
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𝐾+ = 𝐶.𝜔T) (38) 

Where 𝐶, 𝑛  and 𝜉 are DC-link capacitor, damping factor and natural frequency. 

 
Fig. 10. PI controller of DC-link voltage [49] 

6.2. SCA-PI controller 

Fig. 11 illustrates the proposed SCA-PI controller. The DC link capacitor voltage is regulated to 
match reference voltage. The resulting error is processed by SCA-PI controller. In order to keep the 
DC-link voltage level constant, the SCA-PI controller’s output is added to the fundamental active 
component of the compensating current. This resultant reference current is then compared using 
hysteresis band and predictive current control with the measured compensating filter current, 
producing an error signal. This error signal determines the switching actions of VSI [50], [51]. 

 
Fig. 11. SCA-PI controller of DC-link voltage control [49] 

7. Sine Cosine Algorithm (SCA) 
To attain an optimal regulation of the DC-link voltage, in this paper, the Sine Cosine Algorithm 

(SCA) has been employed to tune PI parameters Kp and Ki. The SCA was selected due to its 
simplicity, fast convergence, and strong ability to escape local minima. In this study, the SCA 
algorithm (Fig. 12) iteratively adjusts the PI parameters to minimize the voltage error between the 
reference Vdc and the measured value. The objective (cost) function is chosen based on the dynamic 
performance of the DC-link voltage response, taking into consideration criteria such as settling time, 
rise time, overshoot and steady-state error. Through successive update equations driven by sine and 
cosine operators, the SCA explores the search space and identifies the optimal PI gains that yield the 
most stable and rapid Vdc regulation. The optimized controller significantly improves the system’s 
transient response and ensures a robust DC-link voltage under different load variations. 
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Fig. 12. Flowchart of SCA algorithm [55] 

SCA is relatively an efficient new algorithm in the field of metaheuristic, which is visualized 
from sine and cosine function trends [52], [53]. The periodicity of sine and cosine within [−1, 1] 
enhances the algorithm’s exploitation ability. The optimisation of this approach occurs in two phases: 

• During the exploration phase, an optimisation algorithm generates a promising region by rapidly 
using random solutions from the solution set. 

• During the exploitation phase, the alteration of random solutions and variations occurs gradually, 
leading to the attainment of global optima. 

The sine-cosine algorithm is mathematically described by the position-updating equations for the 
two phases [54]:  

𝑋U*V( =	𝑋U* +	𝑟( × 𝑠𝑖𝑛(𝑟)) × �𝑟&𝑃U* − 𝑋U*� (39) 

𝑋U*V( =	𝑋U* +	𝑟( × 𝑐𝑜𝑠(𝑟))× �𝑟&𝑃U* − 𝑋UU* � (40) 

In generally (39) and (40) can be combined as one equation as follows in (41). 

𝑋U*V( = �
𝑋U* +	𝑟( × 𝑠𝑖𝑛(𝑟)) × �𝑟&𝑃U* − 𝑋U*� , 	𝑟M < 0.5
𝑋U* +	𝑟( × 𝑐𝑜𝑠(𝑟))× �𝑟&𝑃U* − 𝑋UU* � , 	𝑟M ≥ 0.5

 (41) 

Where, the variables, 𝑿𝒋𝒕 and 𝑿𝒋𝒕V𝟏 represent the 𝒊𝒕𝒉 location of the current solution during iteration 𝐭 
and the next iteration 𝒕 + 𝟏, respectively. The 𝒓𝟏 , 𝒓𝟐, 𝒓𝟑 and	𝒓𝟒 denote randomly generated integers, 
whereas 𝑷𝒋𝒕 refers to the most optimal solution at the 𝒊𝒕𝒉 position in the collection of solutions [55], 
[56].  
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According to the provided equations, SCA (Fig. 13) is distinguished by the following four 
parameters: 𝒓𝟏, 𝒓𝟐, 𝒓𝟑, and 𝒓𝟒. The parameter 𝒓𝟏 defines the potential area where the solution and the 
target can be positioned, potentially within a defined zone. This parameter enables for the investigation 
and utilisation of a search area while keeping an appropriate balance between them. The technique 
divides the maximum iteration count in half, devoting one half to diversification and the other half to 
increasing exploration within a suitable search area. The parameter 𝒓𝟐 defines the orientation of the 
moment for a particular solution. The parameter 𝒓𝟑 quantifies the relevance of the weight provided to 
𝑷𝒋𝒕. 𝒓𝟒 defines equal switching from sine to cosine or vice versa within range of [0, 1] [57], [58]. 

 
Fig. 13. SCA implementation block diagram 

The mathematical updates for 𝒓𝟏 , 𝒓𝟐 , 𝒓𝟑 and 𝒓𝟒 are as following: 

⎩
⎪
⎨

⎪
⎧ 𝑟$ = 𝑎 − 𝑎 ×

𝑡
𝑇

𝑟% = (2 × 𝜋) × 𝑟𝑎𝑛𝑑
𝑟& = 2 × 𝑟𝑎𝑛𝑑
𝑟' = 𝑟𝑎𝑛𝑑

 (42) 

Where 𝑻 is the highest iteration, 𝒕 is the present iteration, and 𝒂 is a constant. 
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Fig. 14 shows the movement of populations (or search agents) around the best solution. Equation 
(41) defines a distance between two solutions in the search space. By adjusting the amplitude of sine-
cosine functions, the solutions can move beyond the region between their respective targets, ensuring 
effective exploration of the search space. Conversely, the periodic nature of sine-cosine functions 
promotes exploitation by allowing a solution to shift closer to another. This behaviour is illustrated in 
the Fig. 15 [59], [60]. 

 
Fig. 14. Movement of populations around the best solution [57] 

 
Fig. 15. Movement of the new populations based on r$	[60] 

8. Results and Discussions 
The simulations created in this study (Fig. 1) are executed using MATLAB Sim Power System. 

The simulation shows clearly the efficacy of the active filter in eliminating current harmonics caused 
by nonlinear load. Furthermore, it demonstrates the infusion of electric power derived from the wind 
system into the PCC. The harmonics affect not just the source but also additional loads connected to 
that source. The sampling duration employed in simulation tests is 0.2 seconds. The global system is 
modeled using two control methods: Hysteresis Control and predictive control of the active shunt filter 
(inverter) for harmonic compensation and reactive power management. The results of the DC-link 
voltage loop with the PI and SCA-PI controllers are also analyzed. The system begins without 
harmonics compensation and SAPF is turned on at 0.05 sec. 

Two control methods have been studied in this works for harmonic compensation and reactive 
power management; hysteresis control and predictive control. The results of the DC-link voltage loop 
with PI and SCA-PI are also analysed. The performance of SAPF is investigated for the following 
circumstances:   

• System without SAPF. 

• System with hysteresis control strategy for the SAPF and PI Controller.   

• System with predictive control strategy for the SAPF and PI Controller.   

• System with predictive control strategy for the SAPF and (SCA-PI Controller).   

• Comparison of DC-link voltage (PI and SCA-PI controller). 
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8.1. Case I: System without Shunt Active Power Filter 

Without a SAPF, the nonlinear load (rectifier) injects harmonics (3rd, 5th, 7th, etc.), which 
creates several disturbances in the electrical network among them: 

• Distorted currents illustrated in Fig. 16 and Fig. 17. The source currents are equivalent to those of 
the nonlinear load (Is = Il = 2.91 A), characterized by a spectrum comprising solely odd-order 
harmonics (excluding multiples of three) and a THDi of 26.24% (Fig. 18). These distorted currents 
increase heating in transformers/cables, reduced efficiency and higher I²R losses.  

• Distorted voltage: the harmonic currents flowing through network impedance distort the supply 
voltage, shorten equipment lifetime and reduce power quality. 

• Poor power factor: the reactive power plus harmonics content reduce the power factor. 

 

Fig. 16. Current load 
  

Fig. 17. Source current 

 
Fig. 18. Spectral analysis of the source current before commissioning of the SAPF 

8.2. Case II: The System with Hysteresis Control Strategy for the SAPF and PI Controller 

In order to eliminate harmonics currents, compensate reactive power and ameliorate power 
factor, adding a SAPF is crucial. The SAPF generates a reference current obtained from a harmonic 
detection using p-q method. The inverter’s output current is forced to remain inside a hysteresis band 
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around the reference current. This makes the inverter produce a voltage that pulls the current back 
inside the band. 

The PI controller is utilized to adjust the SAPF so that the DC-link capacitor voltage stays 
constant. The PI output generates a reference for the active power component of the current. If Vdc  
drops, the PI controller injects more active power, maintaining capacitor charge, and if Vdc increases, 
the PI controller reduces SAPF power intake. 

Fig. 19 shows the source voltages, the load currents, the source currents and the compensating 
current produced by SAPF with hysteresis control strategy and PI controller to correct the imbalance 
in the system. The load currents show a sharp increase while the source currents remain sinusoidal, 
and the source voltages are undisturbed. This control strategy decreases the THD of source current 
from 26.24% to 4.99% as shown in Fig. 20. 

  
(a) (b) 

  
(c) (d) 

Fig. 19. Source voltages, Current load, Source current, Current Compensating 

Despite the advantages of hysteresis control strategy: rapid dynamic response and good 
robustness with respect to parameter’s changing like; inductance deviations, load changes and grid 
disturbances, it suffers from variable switching frequency that depends on DC-link voltage, hysteresis 
band width and load dynamics. It also suffers from high switching losses that reduce inverter 
efficiency. 

8.3. Case III: The system with the Predictive Control Strategy for the SAPF and PI 
Controller 

According to the SAPF’s mathematical model of, the predictive control predicts the future 
compensating currents for each possible switching combination and selects the optimal switching state 
that leads to the minimum value of the objective function. This ensures that the future current follows 
the reference current with minimum error. Then, the VSI applies the chosen optimal switching state 
directly (no PWM). The PI controller is applied to adjust the DC-link capacitor voltage to stay 
constant. 
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Fig. 20. Spectral analysis of the source current after commissioning of the SAPF 

Fig. 21 shows the source currents, the load currents and the compensating current produced by 
SAPF with predictive control strategy and PI controller. It can be noticed that the results have been 
improved more than in hysteresis control strategy. This control strategy decreases the THD of source 
current from 4.99% to 3.35%, as shown in Fig. 22. The main advantages of predictive controller are: 
fixed switching frequency (unlike hysteresis controller) and direct control of inverter switches (no 
PWM required). 

  
(a) (b) 

 
(c) 

Fig. 21. Current load, Source current, Current Compensating 
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Fig. 22. Spectral analysis of the source current after commissioning of the SAPF (Predictive control) 

8.4. Case IV: The System with the Predictive Control Strategy for the SAPF and (SCA-PI 
Controller) 

The PI controller performance strongly depends on its parameters’ values Kp and Ki. To improve 
the predictive control strategy and PI controller, we used the SCA theory with PI to tune the values of 
parameters Kp and Ki, which led to achieve an optimal regulation of the DC-link voltage. Fig. 23 
shows that at t = 0.2 s (a) the load currents, (b) the source currents, (c) the compensating current. We 
noticed further improvement in the system, as seen in Fig. 24, where the THD has decreased compared 
to previous cases. 

  
(a) (b) 

 
(c) 

Fig. 23. Current load, Source current, Current Compensating 
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Fig. 24. Spectral analysis of the source current after commissioning of the SAPF (Predictive 

control_PI_SCA) 

8.5. Case V: Comparison of DC-Link Voltage (PI and SCA-PI controller) 

The effectiveness of the suggested control strategy MPCC-PI and MPCC-PI-SCA for SAPF have 
been tested and validated through MATLAB (Table 2). The DC link voltage with PI and SCA-PI 
controller are illustrated in Fig. 25 and Fig. 26. It asserts that the settling time and the rise of SCA-PI 
controller are better.  Both controllers achieve good compensation, however, the SCA-PI controller 
provides the dominant execution. The DC link voltage obtained by using MPCC-PI-SCA shows good 
results comparing with MPCC-PI. It presents better settling time 0.0464 s and rise time 0.0650 s. The 
overshoot is very reduced. 

Table 2.  Comparison between (PI and SCA-PI controller) 

 Rise time sec Settling Time sec Overshoot (%) Kp Ki 
MPC-PI 0.0748 0.4429 7.7449 0.2 1.5 

MPC-PI-SCA 0.0464 0.0650 0.00 2.2291 7 
 

 
Fig. 25. DC-link voltage with PI controlled 
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Fig. 26. DC-link voltage with SCA-PI controlled 

9. Conclusions 
This study addresses the issue of harmonic pollution in power systems, its origins, and its impact 

on the power grid. To address this issue, we enhanced the quality of the grid currents, hence reducing 
the system's THDi. A contemporary approach utilizing a shunt active filter controlled by model 
predictive control (MPCC) and energized by a wind energy generation. Based on the mathematical 
model of SAPF + grid + load, the proposed MPC predicts the future compensating currents and selects 
the optimal switching state by minimizing a cost function. Then, the chosen optimal switching state 
will be directly (no PWM) transmitted to the SAPF switches. To keep the DC-link voltage constant 
under all disturbance conditions, two controllers PI and SCA-PI have been used. SCA-PI controller is 
designed to handle real time, complex, non-linear problems. Met-heuristics algorithms such as SCA 
are well suited to globally explore space to find a good solution given a finite number of evaluations, 
whereas traditional algorithms often suffer from convergence issues and might trapped in local 
minima or have no guarantees of convergence. The SCA-PI controller allows to MPC to provide 
reliable and robust behavior against nonlinear load variations. 
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Appendix 

Table 3.  Wind power parameters 

Components Parameter Name Rated Value 
F Stator frequency (Hz) 50 Hz 
N Synchronous speed (rev/min) 1800 rev/min 
PS Nominal stator three phase active power (rev/min) 2 MW 

IS Each phase nominal stator current (A) 1760 A 
TEM Nominal torque at generator (N.m) 12.732 N.m 

P Pole pair 2 
RS Stator resistance (𝑚Ω) 2.6 ×𝑚Ω 
RR Rotor resistance (𝑚Ω) 2.9 ×𝑚Ω 
LM Magnetic inductance (𝑚H) 2.5 ×𝑚H 
N Gearbox Ratio 100 
R Radio 44 
𝜌 Air density (Kg/m3) 1.225 Kg/m3 
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Table 4.  Nonlinear load and Shunt active power filter parameters 

Components Parameter Name Rated Value 
R 
L 

Bridg PD3 three-phase 
rectifier with R-L load 

60 Ω 
20 𝑚H 

R 
L 

Inductance filtering at 
the input of the bridge PD3 

0.4 Ω 
3.55 𝑚H 

C Storage capacity 35 µF 
L Coupling inductance 0.15 𝑚H 
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