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 Sensitive loads are widely used in industrial, which is the main cause of sag-
swell and harmonics voltages problems that can affect the power quality. 
Among the devices that solve such power quality perturbations, the series 
active power Filter APFS is considered in this paper. Thus, a single phase 
APFS is developed through an analytic analysis, supported by an 
experimental validation, where we applied classical proportional integrator 
PI, fuzzy logic FLC and sliding mode SM controllers to improve the dynamic 
response of the APFS. In addition, a comparative study between these control 
strategies has made in order to mitigate voltage sag-swell and especially 
harmonics, where the SMC has showed more effective and robust results 
compared to PI and FLC and proved by the Total harmonic distortion THD 
ratio. Results of the proposed controllers are simulated in MATLAB 
simulink® and validated through experimental tests applied on our system 
prototype.
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1. INTRODUCTION  

Given the demand of improving the power quality especially in industry, where the critical 
equipment and sensitive loads are widely used and their power supply should not interrupted. Here, 
uninterrupted, clean and regulated power supply is required when feeding loads that have important tasks. On 
the other hand, most common voltage disturbances appear in alternative current appliances AC providing a 
reduction in voltage amplitude known as sag. Thus, sag and interruptions provide most of the industrial 
problems (90%) that affect their supply quality [1]. Moreover, swell problem is also among disturbances that 
affect the power quality, which is defined by a rising in voltage amplitude above its nominal value [2]. In 
addition, harmonic distortion can provide huge problems in the whole of the power conversion chain such as 
heating the system components, mechanical oscillations, unpredictable behavior of protecting devices, and 
may cause damage [3, 4]. 

Due to these problems, it is necessary to approve protecting devices and effective solution to solve 
such disturbances. In this paper, we focus on serie active power filter (APFS) in order to mitigate sag-swell 
and harmonics [5-8] that affect our system. Thus, a serie compensator inserted between the source and the 
load called dynamic voltage restorer DVR is also implemented in this work to protect operating voltage of 
sensitive and critical appliances against sag problem especially [9-12]. APFS have the same topology as the 
active filter, with an excellent dynamic capability to restore the load voltage to i nominal value within a few 
milliseconds as well providing power disruption to the supplied loads. In other researches, the serie topology 
aims to compensate the sag with active power [13].In power quality domain, various paper has used classical 
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and intelligent controllers in order to improve the stability, robustness and excellent dynamic response of the 
APFS as mentioned in [4, 15-18].The control strategies used in this paper such as PI, FLC and SMC presents 
robust and efficient results with different THD ratio, where SMC has provided the best ratio with 3%. 
Models of the three controllers are developed mathematically as cited in various works such as [19-24], and 
adapted to our system topology. 

The rest of the paper is organized as follows: section1 presents the APFS model with modeling of 
the power system, section 2 focuses on the control strategies with a comparative study between the used 
strategies and finally, this paper ends with a conclusion. 
 
 
2. DESCRIPTION OF THE SYSTEM 
2.1. Series active power filter APFS 

In this paper, the studied system is composed mainly by three blocks, a programmable AC source to 
provide sag-swell and harmonics voltages scenarios, a sensitive load (medical equipment) and APFS. The 
APFS contains a single-phase PWM voltage source inverter in order to inject the compensating voltage by an 
injection transformer and an Lf , Cf second order filer to eliminate high frequency caused by inverter 
switching actions. This inverter is supplied by a DC source as shown in Figure 1. 

 
 

 
 

Figure 1. Single-phase series active power filter (ASF) 
 
2.2. Modeling of the APFS system 

This section deals with the mathematical modeling of the series active power filter APFS. The full 
structure of the APFS can be represented by a converter as shown in Figure 2, where Kirchhoff’s voltage law 
is applied to the AC closed circuit to get the following mathematical expression [5]: 
 

𝑚𝑣଴ ൌ 𝑖௅𝑅௙ ൅ 𝐿௙
ௗ௜ಽ

ௗ௧
൅ 𝑣௜௡௝ (1) 

 

𝑣௜௡௝ ൌ 𝑖௖𝑅௖ ൅ ଵ

஼೑
 ሺ𝑖௖𝑑𝑡ሻ (2)׬

 
with: 
𝑚: Control input to the series converter 
𝑖௅: Inductor current of the series converter 
𝑣௜௡௝: Output voltage of the series converter 
𝑣଴: dc link voltage 
𝐿௙: The inductance of the filter 
𝐶௙: The capacitance of the filter 
𝑅௙: Equivalent series resistance ESR of inductor 
𝑅௖: The ESR of the capacitor 
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Figure 2. Equivalent circuit of series converter. 
 
 

𝑚ෝሺ𝑠ሻ𝑉଴ ൌ 𝚤̂௅ሺ𝑠ሻ൫𝑅௙ ൅ 𝑠𝐿௙൯ ൅ 𝑉෠෠௜௡௝ሺ𝑠ሻ ሺ3ሻ 
 

𝑉෠௜௡௝ሺ𝑠ሻ ൌ 𝚤௖̂ሺ𝑠ሻ ൬𝑅௖ ൅ ଵ

௦஼೑
൰  ሺ4ሻ 

 
 

3. CONTROL STRATEGIES OF THE SYSTEM 
The control strategies used in this work are PI, FLC and SM controllers. Thus, a comparative study 

is made between the three methods in order to improve their performance and robustness in power quality. 
The 3 methods are described separately as follow: 

 
3.1. Classical proportional integrator PI controller 

The PI structure consists of a single outer voltage loop to regulate the injected voltage of the APFS. 
The output of this loop is the phase angle that is provided by the PWM signal generator. Thus, the PWM 
generates pulse signals to the gate of switching device IGBT [5]. The following transfer function defines the 
PI controller as: 

 

𝐻௜ሺ𝑠ሻ ൌ 𝐾௣ ൅ ௄೔

௦
 ሺ5ሻ 

 
The PI controller cannot change abruptly in the error eps (Vref – Vrms). Therefore, PI controller can 

determines the instantaneous values of the error without considering their divergence and perturbations, 
which is defined by the derivate of the error and denoted ∆e [5]. 

The transfer function of voltage-closed loop in series converter is defined in (6) using (4): 
 

𝐺௩௦௘ሺ𝑠ሻ ൌ
௩ො೔೙ೕሺ௦ሻ

ప̂೎ሺ௦ሻ
ൌ          ሺ6ሻ 

 
 

 
 

Figure 3. Controller with PWM and VSC 
 
 
3.2. Fuzzy logic controller FLC  

The second controller used in this paper is the FLC in order to improve the behavior of the APFS. 
The controller in based on Mamdani’s system and its structure is shown in Figure 4. 

Linguistic variables are the error e and its derivate ∆e, which are mapped from mathematical input 
values into fuzzy membership functions. After, executing all applicable rules in the rule base aims to 
compute the fuzzy output functions. Finally, by de-fuzzifying the fuzzy output functions, we get "crisp" 
output values.  
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Figure 4. Fuzzy controller 
 
 

These outputs are determined using the inference engine and the rule base (if-then rules) as follow: 
IF e AND ∆e, THEN Kp AND Ki. The variation of Kp and Ki constants depend on (e and ∆e). The 
membership function curves of e, ∆e, Kp and Ki are shown in Figure 5 and 6, where all memberships’ 
functions have triangular shape [4]. 

 
 

 
(a) 

 
(b) 

 
Figure 5. Membership function curves (a) error e, (b) Derrived of the error ∆e 

 
 

 
 

Figure 6. Membership function curves of both inputs Kp and Ki 
 
 
Thus, the fuzzy subset for e and ∆e are (NL; NM, NS, ZE, PS, PM, PL). Table 1 presents the fuzzy 

logic control rules for the variables Ki and Kp. 
 
 

Table 1. Rule base for fuzzy controller 
de(n) 

NB NM NS ZE PS PM PB 
e(n) 
NB NB NB NB NB NM NS ZE 
NM NB NB NB NM NS NZ PS 
NS NB NB NM NS NZ PS PM 
ZE NB NM NS ZE PS PM PB 
PS NM NS ZE PS PM PB PB 
PM NS ZE PS PM PB PB PB 
PB ZE PS PM PB PB PB PB 
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In addition, a 3D curve of the relation between inputs and outputs of the FLC controller is also 
plotted and shown in Figure 7. 

 
 

 
 

Figure 7. The relation surface between inputs and output of FLC 
 
 
3.3. Sliding mode controller SMC  

The last controller used is the SM controller described by the following state space model: 
 
ௗ

ௗ௧
൤
𝑣௖
𝑖௙

൨ ൌ ቈ
0 1 𝐶௙⁄

െ1 𝐿௙⁄ െ𝑅௙ 𝐿௙⁄ ቉ ൤
𝑣௖
𝑖௙

൨ ൅ ቈ
െ1 𝐶௙⁄ 0

0 1 𝐿௙⁄ ቉ ൤
𝑖௦

𝛿ሺ௧ሻ𝑉ௗ௖
൨     ሺ7ሻ 

 
where i୤ and iୱ are the filter inductor current and source current respectively.  

Taking the injected voltage Vinj ൌ xଵ and by derivate xଵ ,  xሶ1 ൌ  x2. Then, the description of the 
model become: 

 
xሶ ଵ ൌ xଶ

xሶ ଶ ൌ െ ଵ

୐౜େ౜
xଵ െ ୖ౜

୐౜େ౜
xଶ െ ୖ౜

୐౜େ౜
iୱ െ ଵ

େ౜

ୢ୧౩

ୢ୲
u ൅ ୚ౚౙ

୐౜େ౜
uൡ        ሺ8ሻ 

 
first, we consider a general second order dynamic system as follow: 

 
𝑥ሶଵ ൌ 𝑥ଶ ൅ 𝛳ଵ𝜑ଵሺ𝑥ଵሻ
𝑥ሶଶ ൌ 𝛳ଶ𝜑ଶሺ𝑥ଵ, 𝑥ଶሻ ൅ 𝑏ሺ𝑥ଵ ൅ 𝑥ଶሻ𝑢

ൠ (9) 

 
Where, 𝜑௜ሺ. ሻ, 𝑖 ൌ 1,2 are smooth functions with continuous finite time derivatives to exist 

and 𝑏ሺ. ሻis invertible. The arguments of 𝜑௜ሺ. ሻ and 𝑏ሺ. ሻhave been removed for simplicity in the analyses to 
follow. The parameters 𝜃௜ሺ. ሻ, 𝑖 ൌ 1,2 are known. Let the output of the system be 𝑉𝑖𝑛𝑗 ൌ xଵ.. 1,2. Define the 
error as[18]. 

The error dynamic is defined as follow: 
 
𝑧ଵ ൌ 𝑉𝑖𝑛𝑗௥௘௙ െ 𝑉𝑖𝑛𝑗 ൌ 𝑉𝑖𝑛𝑗௥௘௙ െ 𝑥ଵ ሺ10ሻ 
𝑧ሶଵ ൌ 𝑉𝚤𝑛𝚥ሶ ௥௘௙ െ 𝑥ଶ െ 𝛳ଵ𝜑ଵ ൌ 𝑧ଶ

𝑧ሶଶ ൌ 𝑉𝚤𝑛𝚥ሷ ௥௘௙ െ 𝛳ଶ𝜑ଶ െ 𝑏𝑢 െ 𝜃ଵ
డఝభ

డ௫భ
൅ ሺ𝑥ଶ ൅ 𝛳ଵ𝜑ଵሻ

ൡ ሺ11ሻ 

 
The sliding surface with its derivation can be defined as follow: 
 
𝑠 ൌ 𝜆𝑧ଵ ൅ 𝑧ଶ ሺ12ሻ 
𝑠ሶ ൌ 𝜆𝑧ଶ ൅ 𝑧ଶሶ  ሺ13ሻ 

 
After, using the following lyapunov function:Vሺsሻ ൌ ଵ

ଶ
sଶ, with its time derivative as follow: 

 
𝑉ሶ ൌ 𝑠𝑠ሶ  ሺ14ሻ 
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For stable operation, Vሶ <0, which results Sሶ<0 for S>0 and Sሶ>0 for S<0. Then, the control law can be 
represented as follow using eq13 and eq11: 

 

𝑢 ൌ
ଵ

௕
ቂ𝜆𝑧ଶ ൅ 𝑉𝚤𝑛𝚥ሷ ௥௘௙ െ 𝛳ଶ𝜑ଶ െ 𝜃ଵ

డఝభ

డ௫భ
൅ ሺ𝑥ଶ ൅ 𝛳ଵ𝜑ଵሻ െ 𝑠ሶቃ  (15) 

 
Figure 8 describes the feedback control diagram of the APFS. As shown, the Vloadref is the 

reference load voltage desired at the PCC. The error between Vloadref and Vload gives the reference injected 
voltage signal provided by the injection transformer. By comping the output of the low-pass filter with the 
injected reference voltage, we get the instantaneous error signal called z1. After, the error with its derivate (e, 
∆e) are used by the sliding mode controller to generate the control law u, which is converted to PWM signal 
of the switching device IGBT of the inverter [18]. 

 
 

 
 

Figure 8. Feedback control change abruptly diagram of APFS 
 
 
The error can be defined as follow 
 

𝑉𝑖𝑛𝑗௥௘௙ሺ𝑡ሻ ൌ 𝑉𝑙𝑜𝑎𝑑௥௘௙ሺ𝑡ሻ െ 𝑉𝑠ሺ𝑡ሻ ሺ16ሻ 
 
Then, the error dynamic is derived using (2): 
 

𝑧ଵ ൌ 𝑉𝑖𝑛𝑗௥௘௙ െ 𝑉𝑖𝑛𝑗 ൌ 𝑉𝑖𝑛𝑗௥௘௙ െ 𝑥ଵ ሺ17ሻ 
𝑧ሶଵ ൌ 𝑉𝚤𝑛𝚥ሶ ௥௘௙ െ 𝑥ሶଵ ൌ 𝑉𝚤𝑛𝚥ሶ ௥௘௙ െ 𝑥ሶଶ ൌ 𝑧ሶଶ ሺ18ሻ 
 

𝑧ሶଶ ൌ 𝑉𝚤𝑛𝚥ሶ ௥௘௙ ൌ 𝑉𝚤𝑛𝚥ሷ ௥௘௙ ൅
ோ೑

௅೑
𝑉𝚤𝑛𝚥ሶ ௥௘௙ ൅ ଵ

௅೑஼೑
𝑉𝑖𝑛𝑗௥௘௙ െ ଵ

௅೑஼೑
𝑧ଵ െ

ோ೑

௅೑
𝑧ଶ ൅

ோ೑

௅೑஼೑
𝑖௦ ൅ ଵ

஼೑

ௗ௜ೞ

ௗ௧
െ ௏ௗ௖

௅೑஼೑
𝑢ൠ ሺ19ሻ 

 
The selected sliding surface was s ൌ Kଵzଵ ൅ Kଶzଶ along with the control law:  
 

𝑠 ൌሶ 𝑓ሺ𝑠ሻ ∗ 𝐾𝑠𝑔𝑛ሺ𝑠ሻ ሺ20ሻ 
 
where 
 

𝑓ሺ𝑠ሻ ൌ െ ൤ ଵ

௤ᇲೞሻ
൨ ሺ21ሻ 

𝑞ሺ𝑠ሻ ൌ ൣ𝛾 ൅ ሺ1 െ 𝛾ሻ𝑒ିఈ|௦| 𝑐𝑠𝑐 𝛽|𝑠|൧ ሺ22ሻ 
 
The next step is to obtain the sliding mode control law u using (14). 
Finally, the control law can be derived using eq 14, 19 and 20 as follow: 
 

𝑢 ൌ
௅೑஼೑

௏ௗ௖
൤௞భ

௞మ
𝑧ଶ ൅ 𝑉𝚤𝑛𝚥ሷ ௥௘௙ ൅ ଵ

௅೑஼೑
𝑥ଵ ൅

ோ೑

௅೑
𝑥ଵ ൅

ோ೑

௅೑஼೑
𝑖௦ ൅ ଵ

஼೑

ௗ௜ೞ

ௗ௧
൨ ൅ ଵ

௞మ
ቂ௞௦௚௡ሺ௦ሻ

௤ሺ௦ሻ
ቃ ሺ23ሻ 
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4. RESULTS AND DISCUSSION 
In this section, we discuss the analytical and experimental results of the different control methods 

used in this study. First, we present simulation data, then we discuss the results. Thus, we present 
experimental results with a detailed discussion. 

 
4.1. Simulation results 

Simulation test has made in MATLAB Simulink® in order to improve the performance of the used 
control strategies such as PI, FLC and SMC. The simulation circuit is shown in Figure 9.  
 
 

 
 

Figure 9: Simulation diagram of the system 
 
 

Thus, simulation data are summarized in Table 2. The simulation results of the APFS are presented 
in order to improve its capability of ameliorating the power quality. The results are discussed separately, 
where a comparative analyses is made between the three controllers in the two case (sag-swell and 
harmonics). 

 
 

Table 2. Electrical parameters 
Parameters Values 

Source voltage frequency f  50 HZ 
Source voltage Vs 5.7 Vrms 
Load resistance RL 12.3 Ω 

Cf (LC filter inductance) 1 nF 
Lf ( LC filter capacitance) 9 mH 

Transformer 12V/ 230V/ 1 KVA 
DC-bus capacitor, DC-bus 2200 uF – 

reference voltage Vdc*=35V 
Kp,Ki Simulation results Kp =7,2- Ki=33 

Kp,Ki Experimental results Kp =8,8- Ki=4,24 
Sliding mode controller 

parameters 
𝑘ଵ ൌ 250, 𝑘ଶ ൌ 0.023 

𝛼 ൌ 57, 𝛽 ൌ 400, 𝛾
ൌ 0.001, 𝑘 ൌ 0.01

 
 

4.1.1. Case of the harmonics voltage : 
Figure 10, 11 and 12 present the voltage waveforms of PI, FLC and the SMC. The THD of the 

source voltage was 48.34%. As shown, the APFS has compensated the voltage harmonics successfully. The 
three controllers have presented various excellent results, which is shown through ameliorating the voltage 
form and reducing the THD value. The THD has become 4.15% with PI controller, 3.88% with the FLC and 
3.29% with the SMC. The following Figure 13, 14 and 15 show the spectral analysis for the three controllers. 
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Figure 10. Simulation voltage waveformes for PI 

Controller 

 
Figure 11. Simulation voltage waveformes for Fuzzy 

Controller 
 
 

 
 

Figure 12: Simulation voltage waveformes for sliding mode Controller 
 
 

 

 
(a) (b) (a) (b) 

 
Figure 13. Spectral analysis for PI controller,  

(a) source voltage, (b) load voltage  

 
Figure 14. Spectral analysis for fuzzy controller  

(a) source voltage, (b).load voltage  
 
 

 
(a) (b) 

 
Figure 15. Spectral analysis for sliding mode controller (a) source voltage, (b) load voltage. 

 
 

As a result, the sliding mode controller has presented the lowest THD value, which reflects the 
robustness and the efficiency of the control structure. 
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4.1.2. Case of the sag-swell voltage: 
In these cases of sag and swell voltage, we prove the ability of the APFS to compensate the 

unbalance voltage sags and swells. Figure 16, 18 and 20 shows the phase voltage source with sag of 50%, 
which occurred during [0.14 s – 0.3 s]. The three controllers has corrected the load voltage (Vlaod 
RMS=6.871 V) with compensating the missed voltage (50% in this case refer to 3.4355 V). 

The swell voltage phenomenon is shown in Figure 17, 19 and 21, where we used a 50% as swell 
voltage during the same tame domain as mentioned in sag case. Thus, the three controllers has also corrected 
the swell voltage phenomenon by injecting a voltage in phase position in order to mitigate the over-voltage 
ratio (50% in this case refer to 3.4355 V). 
 
 

 
 

Figure 16. Simulation voltage 
waveformes for PI Controller 

 
Figure 17. Simulation voltage 
waveformes for PI Controller 

 
Figure 18. Simulation voltage 

waveformes for fuzzy controller 
 
 

 
 

Figure 19. Simulation voltage 
waveformes for fuzzy controller 

controller 

 
Figure 20. Simulation voltage 
waveformes for sliding mode 

controller 

 
Figure 21. Simulation voltage 
waveformes for sliding mode 

controller 

 
 
4.2. Experimental results 

The experimental results to validate the simulation tests and improve the robustness of the used 
control methods. As in simulation, the experimental results are discussed separated in each phenomenon 
(sag-swell and harmonics voltage cases). 

The experimental test has realized and elaborated in Smart Grid and Renewable Energies 
Laboratory (SGRE-Lab) in the University of TAHRI Mohamed-Béchar-Algeria. The experimental prototype 
includes a dSPACE card 1104 platform Texas Instrument with a TMS32F240 DSP connected with a PC 
(Pentium) in order to enable automatic implementation of the control methods directly from Matlab Simulink 
as illustrated in Figure 22.  

Thus, the test bench consists of a voltage inverter, an inductor, an injection transformer, Hall 
current/ voltage sensors, linear load and a programmed source. 
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Figure 22: Experimental test banshee 
 
 
4.2.1.Case of the harmonics voltage  

The PWM switching gates was selected 15 KHz, which are generated from the dSPACE, card in 
real time experimental tests. Thus, a linear load was selected. As seen, the APFS has the ability to mitigate 
voltage harmonics provided by the grid and supplied to the connected load. The voltage harmonics are 
provided by the voltage inverter, which was connected in parallel with the source voltage. The harmonics 
was applied during [5.6 s – 6.3 s], where the initial THD before applying the control was about 46.4% as 
shown in Figure 24,26 and 28. 

 
 

 
 

Figure 23. Experimental voltage waveformes for PI controller 
 

 
(a) (b) 

 
Figure 24. Spectral analysis of the source voltage (a) and load voltage (b) for PI controller 

 

 
 

Figure 25. Experimental voltage waveformes for fuzzy controller 
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(a) (b) 
 

Figure 26. Spectral analysis of the source voltage (a) and load voltage (b) for fuzzy controller 
 
 

 
 

Figure 27. Experimental voltage waveformes for sliding mode Controller 
 
 

 
 

(a) (b) 
 

Figure 28. Spectral analysis of the source voltage (a) and load voltage (b) for sliding mode controller 
 
 

4.2.2.Case of the sag-swell voltage 
In addition, the reduction in the harmonics voltage compared by the initial THD value (46.4%) is 

due to the compensation action of the APFS, where the experimental THD values measured using the 
Callister was very satisfying. The PI controller has provided a THD=4.8%, and better, the FLC has provided 
a THD=4.4%, while the less THD value resulted by the SMC was about THD=3.8% as illustrated in Figure 
24, 26 and 28. As a result, both of simulation and experimental THD values was within the norms of the 
IEEE 519 standard. In the other hand, sag and swell voltage of 50% were applied to the phase voltage source 
during [5.6s – 6.3 s] and [0.7 s] respectively, where the APFS has compensated the missed and the over 
voltages provided by sag and swell phenomenon respectively Figure 27, 29 and 30. Table 3 present the 
comparison results between simulation and experimental tests. 

 
 

 
 

Figure 29. Experimental voltage waveformes for mode controller 
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Figure 30. Experimental voltage waveformes for sliding mode controller 
 
 

Table 3. comparison results between simulation and experimental tests. 
Controllers PI controller FLC controller SMC controller 
THD values THD before THD after THD before THD after THD before THD after 
Simulation 
results 

48.23 % 4.15 % 48.23 % 3.88 % 48.23 % 3.29% 

Experimental 
results 

48.8 % 4.8 % 48.8 % 4.4 48.8 % 3.8% 

 
 
5. CONCLUSION 

Through this brief study, we have presented a topic about improving the quality of energy using the 
series active power filter APFS. The APFS has presented fast and specific reactions with the different voltage 
perturbance phenomenon such as sag-swell and harmonics.  As previously explained, the used control 
method were PI, FLC and SMC, which have been chosen to show the reaction of APFS with perturbations 
using classical, intelligent and nonlinear control methods. In this study, we focused only on two parameters, 
which are the waveform of source and load voltages and the THD ratio. Thus, the controllers have presented 
excellent results in both simulation and experimental tests, with respecting to the norms of the IEEE 519 
standard. Exactly, the three methods has compensating the sag and swell voltages by the filter, whit keeping a 
sinusoidal waveform of the load voltage despite the perturbance. In addition, among these controllers, the 
SMC has improved the lowest THD value compared with PI and FLC controllers due to the robustness of its 
control structure.. 
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