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A hybrid fuzzy sliding-mode control for a three-phase shunt 
active power filter 

 

Mohamed Abdeldjabbar KOUADRIA 1 ,  Tayeb ALLAOUI 1 , Mouloud DENAI 2 
 

 

 

Abstract   Power Quality (PQ) has become an important issue in recent years due to the increasing use of solid-state switching devices and other 
nonlinear loads. These non-linear loads generate undesirable harmonics causing distortions in the current and voltage waveforms. Shunt active 
power filters have proven very effective to mitigate harmonics. This paper describes a hybrid fuzzy sliding-mode controller (HFSMC) for a three 
phase shunt active filter to enhance the power quality and improve the reactive power profile in the distribution grid. The proposed method 
attenuates the effect of both uncertainties and external disturbances, and eliminates the chattering phenomenon induced by classical sliding-mode 
control (SMC). Simulation are presented to demonstrate the effectiveness of the proposed control strategy. The results show that the proposed 
HFSMC control scheme is able to mitigate harmonic distortions, and provide reactive power compensation and power quality improvement.  
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1 INTRODUCTION 

 
Nonlinear and time-varying electronic devices cause power quality problems in the power system such as low power factor, 

current/voltage waveform distortion, surges and phase distortion problems. Active power flters (APF) have proven very effective for 
the suppression of harmonics and the compensation of reactive currents. The basic principle of APF is to produce a compensation 
current having the same amplitude and opposite phase as the harmonic currents. APFs are widely used in many applications to 
compensate for the undesirable effects of current harmonics produced by nonlinear loads on industrial, commercial, and residential 
equipment [1,2]. 

Parallel-connected shunt active power filters (SAPF) are mainly operated as harmonic isolator between nonlinear loads and the 
utility system. The SAFP can also provide reactive power support to the load. Fig. 1 shows the basic structure of a SAPF [3,4] which 
includes the following steps:  

•    Measurement of current and voltage signals  
•    Reference current generation  
•    Pulse generation to control the inverter 
 

 
Fig. 1   Basic compensation principle of the shunt APF. 

 
A better performance of Shunt APFs is achieved if the voltage across the DC link capacitor is maintained at a prescribed reference 

level. Fuzzy logic control (FLC) has been successfully used in a wide range of industrial applications because of its robustness and 
model-free approach. Wang [5-7] proposed a universal approximation theorem and demonstrated that an arbitrary function of a certain 
set of functions can be accurately approximated using a fuzzy system. The advantages of FLCs over conventional controllers are that 
they do not require an accurate mathematical model of the plant, they can work with imprecise inputs, can handle non-linearity and 
are more robust than conventional nonlinear controllers [7,17]. 

     FLC and sliding mode control (SMC) have been combined in a variety of ways for the design of sliding surface [8, 9]. These 
approaches can be classified into two categories. The first approach taken by many researchers is to use FLC to determine the sliding 
surface movement of the classical SMC [10]. A Takagi-Sugeno type fuzzy tuning algorithm is used to model the movement of the 
sliding surface [10-12]. In the second approach, the sliding surface is determined directly based on fuzzy logic. This latter method is 
referred to as sliding mode fuzzy control (SMFC). In [13], a PI (proportional-integral) fuzzy controller is proposed to improve the 
voltage tracking performance for the DC side capacitor voltage and a model reference adaptive controller is derived based on 
Lyapunov analysis for the AC side current compensation. In [14], a fuzzy sliding mode of a hybrid microgrid is presented.  
These hybrid controllers try to ensure the asymptotic stability and reduce chattering by combining sliding-mode control with other 
techniques, such as adaptive control and fuzzy control [15,16]. Most of these hybrid controllers have a complex structure and are 
difficult to implement. 

In  this study, a hybrid fuzzy sliding mode controller (HFSMC) is used to regulate the voltage across the capacitor by setting a 
reference DC current required to maintain the voltage across capacitor constant.  The simulation results demonstrate superior 
performance of the SAPF as compared to classical PI and SMC controllers [13-15].  



    The paper is organized as follows: The circuit configuration of the APF system is presented in Section 2. In Section 3, the DC 
voltage control strategy is developed and the SMC design is presented taking into consideration stability conditions. Finally, in Section 
4, simulation results are presented to demonstrate the performance of the proposed APF control scheme for harmonic elimination and 
reactive power compensation. 

 

2 SYNCHRONOUS DETECTION METHOD 

 
      The synchronous detection method is implemented for the calculation of the compensating currents in a system consisting of  a 
three phase source feeding a highly nonlinear load. The balanced three phase source currents can be obtained after compensation.  
The three-phase source voltage is given as: 
 

௦ܸ௔ሺݐሻ ൌ ௠ܸ௔ sin߱ݐ 
௦ܸ௕ሺݐሻ ൌ ௠ܸ௕ sinሺ߱ݐ െ 120°ሻ                                                                                                                                                            (1) 

௦ܸ௖ሺݐሻ ൌ ௠ܸ௖ sinሺ߱ݐ െ 240°ሻ 
 
The three-phase current drawn by the load can be expressed as: 

ሻݐ௅௔ሺܫ ൌ ෍ܫ௔௡ sinሺ߱ݐ െ ∅௔௡ሻ

ஶ

௡ୀଵ

 

ሻݐ௅௕ሺܫ ൌ ෍ܫ௕௡ sinሺ߱ݐ െ ∅௕௡ െ 120°ሻ
ஶ

௡ୀଵ

																																																																																																																																																														ሺ2ሻ 

ሻݐ௅௖ሺܫ ൌ ෍ܫ௖௡ sinሺ߱ݐ െ ∅௖௡ െ 240°ሻ

ஶ

௡ୀଵ

 

 
The following steps are used for generation of the reference signal [4]: 

Step 1: The three-phase instantaneous power (݌ଷ௣௛) in the proposed system is calculated using: 
 
ଷ௣௛݌ ൌ ௦௔݅௅௔ݒ ൅ ௦௕݅௅௕ݒ ൅  ௦௖݅௅௖ݒ
 
ଷ௣௛݌ ൌ ௔݌ ൅ ௕݌ ൅  ௖݌
         

									ൌ ௠ܸ௔ sinሺ߱ݐሻ෍ ௔௡ܫ sinሺ߱ݐ െ ∅௔௡ሻ

ஶ

௡ୀଵ

൅ ௠ܸ௕ sinሺ߱ݐ െ 120°ሻ෍ ௕௡ܫ sinሺ߱ݐ െ ∅௕௡ െ 120°ሻ
ஶ

௡ୀଵ

					 																																																	ሺ3ሻ 

												൅	 ௠ܸ௖ sinሺ߱ݐ െ 240°ሻ෍ ௖௡ܫ sinሺ߱ݐ െ ∅௖௡ െ 240°ሻ

ஶ

௡ୀଵ

 

 
Where ݌௔,  .represent the instantaneous power in phases a, b and c respectively	௖݌ ௕ and݌

Step 2: The three-phase instantaneous power ݌ଷ௣௛ is passed through a low pass filter (LPF) to determine the fundamental power 
 .and block high order frequency components (௙௨௡ௗ݌ or	ௗ௖݌)

 
௙௨௡ௗ݌ ൌ ௠ܸ௔ sinሺ߱ݐሻܫ௔ଵ sinሺ߱ݐ െ ௔݂ଵሻ ൅ ௠ܸ௕ sinሺ߱ݐ െ 120°ሻܫ௕ଵ sinሺ߱ݐ െ ௕݂ଵ െ 120°ሻ 

 
														൅	 ௠ܸ௖ sinሺ߱ݐ െ 240°ሻܫ௖ଵ sinሺ߱ݐ െ ௖݂ଵ െ 120°ሻ																																																																																																																																		ሺ4ሻ 

 
 

௙௨௡ௗ݌ ൌ
௠ܸ௔ܫ௔ଵ
2

ሾcosሺ߶௔ଵሻ െ cosሺ2߱ݐ ൅ ߶௔ଵሻሿ ൅
௠ܸ௕ܫ௕ଵ
2

ሾcosሺ߶௕ଵሻ െ cosሺ2߱ݐ ൅ ߶௕ଵሻሿ 

 

												൅ ௠ܸ௖ܫ௖ଵ
2

ሾcosሺ߶௖ଵሻ െ cosሺ2߱ݐ ൅ ߶௖ଵሻሿ																																																																																																																																																		ሺ5ሻ 

 
 



 

    Step 3: The average three phase fundamental power is calculated as: 

௔௩݌ ൌ න ݐ௙௨௡ௗ݀݌ ൌ
௠ܸ௔ܫ௔ଵ
2

cosሺ߶௔ଵሻ
்

଴
൅ ௠ܸ௕ܫ௕ଵ

2
cosሺ߶௕ଵሻ ൅

௠ܸ௖ܫ௖ଵ
2

cosሺ߶௖ଵሻ																																																																																									ሺ6ሻ 

 
For a three phase balanced nonlinear load, the following can be written as: 
 
௠ܸ௔ ൌ ௠ܸ௕ ൌ ௠ܸ௖ ൌ ௔ଵܫ																		ܸ ൌ ௕ଵܫ ൌ ௖ଵܫ ൌ ௔ଵ߶																					ܫ ൌ ߶௕ଵ ൌ ߶௖ଵ ൌ ߶ଵ 

 

௔ܲ௩ ൌ
ܫ3ܸ
2
cosሺ߶ଵሻ																																																																																																																																																																																																			ሺ7ሻ 

 

Step 4: Using (6), the per phase average power can be written as: 

௔௩,௣௛݌ ൌ
ܫܸ
2
cosሺ߶ଵሻ																																																																																																																																																																																																ሺ8ሻ 

 
Let ܫ cosሺ߶ଵሻ ൌ ௠ܫ ൌ  Maximum amplitude of the per phase fundamental current. 

௠ܫ ൌ
௔௩,௣௛݌2
ܸ

																																																																																																																																																																																								ሺ9ሻ 

 
Step 5: The load current contains fundamental, reactive and harmonic components. If the SAPF can compensate for the total reactive 
and harmonic components then the source current waveform will be sinusoidal. Hence for accurate compensation, it is necessary to 
estimate the fundamental component of the load current as the reference current.  
The fundamental component of the load current is given as: 
 
ி௔ܫ ൌ ௠ܫ sinሺ߱ݐሻ 
ி௕ܫ ൌ ௠ܫ sinሺ߱ݐ െ 120°ሻ																																																																																																																																																																																					ሺ10ሻ 
ி௖ܫ ൌ ௠ܫ sinሺ߱ݐ െ 240°ሻ 
 
The reference current for the SAPF in each phase ሺ݅௖௔∗ , ݅௖௕

∗ , ݅௖௖∗ ሻ	can be determined by comparing the total load current with it is 
fundamental component. The reference current can be written as: 
 
݅௖௔∗ ൌ ௅௔ܫ െ  ி௔ܫ
݅௖௕
∗ ൌ ௅௕ܫ െ  ሺ11ሻ																																																																																																																																																																																																									ி௕ܫ
݅௖௖∗ ൌ ௅௖ܫ െ  ி௖ܫ
 
Here, the compensating currents ሺ݅௖௔, ݅௖௕, ݅௖௖ሻ	are compared with the reference current ሺ݅௖௔∗ , ݅௖௕

∗ , ݅௖௖∗ ሻ	 using hysteresis comparator 
to generate six switching pulses for turning on and off the inverter IGBT switches. 

 

3 DC VOLTAGE CONTROL 

     The proposed control scheme of the APF is shown in Fig. 2.  The DC link voltage is regulated to estimate the reference current.  
 



 
Fig. 2   Proposed control scheme of the AFP. 

a.  Fuzzy logic controller (FLC) design 

FLC was deduced from fuzzy set theory introduced by Zadeh in 1965, where transition is between membership and non 
membership function. Therefore, limitation or boundaries of fuzzy sets can be undefined and ambiguous. FLCs are an excellent choice 
when precise mathematical formulations are impossible as in the context of APFs and harmonic elimination. 

     A fuzzy controller involves four basic stages: fuzzification, knowledge base, inference mechanisms and defuzzification. The 
knowledge base is designed to achieve a good dynamic response in the presence of external disturbances and  uncertainty in the 
system parameters [5-7].  In this application, the fuzzy controller inputs are the voltage error and error change.  

The choice of the membership functions depends on the designer experience and apriori knowledge about the system. It is not 
trivial to choose a particular shape that is better than others. The triangular-shaped membership functions has advantages of simplicity 
and ease of implementation and is chosen in this application.  

In the design of a fuzzy control system, the formulation of the rule set plays a key role in the performance of the system. The rule 
base consists of nine (9) rules as shown in Table 1, where P, Z, N are linguistic labels (P: positive, Z: zero, N: negative).   

The membership functions used for the input and output variables are shown in Figs. 3 and 4.  
 

Table 1 Fuzzy Decision Matrix 

Ei 
∆Ei 

N Z P 

N N N Z 
Z N Z P 
P Z P P 

 
CORRIGER erreur  “error” 

 
Fig. 3   Membership functions of inputs values.  

-100 -80 -60 -40 -20 0 20 40 60 80 100

0

0.2

0.4

0.6

0.8

1

erreur

D
e

g
re

e
 o

f 
m

e
m

b
e

rs
h

ip N Z P

-100 -80 -60 -40 -20 0 20 40 60 80 100

0

0.2

0.4

0.6

0.8

1

d-erreur

D
e

g
re

e
 o

f 
m

e
m

b
e

rs
h

ip N Z P



 
Fig . 4   Membership functions of output value. 

Various inference mechanisms exist and in this paper, the max –min method is used. The center of gravity method was used to 
deffuzzify the implied fuzzy control variables.   

 

b.  Sliding mode control  (SMC) design 

     Sliding mode control theory has been widely applied in APF, due to its desirable performance characteristics such as speed of 
response, robustness and stability. 
     Peak value of supply current ൫ܫ௦௣∗ ൯	is estimated using SMC over the actual and reference DC bus voltage (ݒ஽஼ሺ݊ሻ) and (ݒ஽஼

∗ ሺ݊)). 
The DC bus voltage error ݒ௘ሺ݊ሻ at the nth sampling instant is [18-23]: 

 

௘ሺ݊ሻݒ ൌ ஽஼ݒ
∗ ሺ݊ሻ െ ஽஼ሺ݊ሻݒ ൅  ሺ12ሻ																																																																																																																																																																										ଵݔ

 

and its derivative is defined as: 

ଶݔ ൌ ሶଵݔ ൌ
1
ܶ
ሾݒ௘ሺ݊ሻ െ ௘ሺ݊ݒ െ 1ሻሿ																																																																																																																																																																						ሺ13ሻ 

 

Where ܶ is sampling interval and ݔଵ and ݔଶ are the state variables.  

In SMC, the control term, ݕ ൌ  :ሻ is defined asߪሺ݊݃ݏ

 

ሻߪሺ݊݃ݏ ൌ ൜
൅1						݂݅	ߪ ൒ 1
െ1					݂݅	ߪ ൏ 1 																																																																																																																																																																																	ሺ14ሻ 

 

And the switching functions ݕଵ and ݕଶ are defined as:  

 

ଵݕ ൌ ൜
൅1						݂݅	ݔݖଵ ൐ 0
െ1					݂݅	ݔݖଵ ൏ 0  

ଶݕ ൌ ൜
൅1						݂݅	ݔݖଶ ൐ 0
െ1					݂݅	ݔݖଶ ൏ 0 																																																																																																																																																																																							ሺ15ሻ  

ݖ ൌ ܿଵݔଵ ൅ ܿଶݔଶ 
 

Where ܿଵ	, ܿଶ are constants of the SMC and	ݖ is a switching hyper plane function. This introduces chattering effect which is 
undesirable in any dynamic system due to its infinite switching frequency. The natural attempt to overcome the chattering is to smooth 
out the signal with a continuous function that closely approximate the ݊݃ݏሺߪሻ term especially around the neighbourhood of the sliding 
surface. The introduction of a small boundary layer near the surface is adapted which correspond to the substitution of ݊݃ݏ	ሺߪሻ with 
 :ሺ·ሻ function, defined as follows	ݐܽݏ

ݐܽݏ ቀ
ߪ
ߨ
ቁ ൌ ൝

ߪ
ߨ
|ߪ|	݂݅																 ൏ ߨ

otherwise					ሻߪሺ݊݃ݏ
																																																																																																																																																																						ሺ16ሻ 

ଵݕ ൌ ൝
ଵݔݖ
ߨ
|ଵݔݖ|	݂݅														 ൏ ߨ

otherwise									ଵሻݔݖሺ݊݃ݏ
																																																																																																																																																																									ሺ17ሻ 
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Where П is the thickness of the boundary layer. The boundary layer control which is manifested by ݐܽݏ	ሺ·ሻ is shown in Fig. 5, where 
௙ܷ௦௪ is the magnitude of the controller.   

 
 
 
 
 
 
 
 
 
 
 

Fig. 5   Boundary Layer for the sliding mode.  

The output of SMC is the peak magnitude of supply current,   

ሺ݊ሻݑ ൌ ܿଷݔଵݕଵ ൅ ܿସݔଶݕଶ ൌ ∗௦௣ܫ 																																																																																																																																																																											ሺ18ሻ 

Where ܿଷ and ܿସ are constants of the SMC. 

4 SIMULATION RESULTS  

      In this section, simulation results are presented to illustrate the performance of the proposed control scheme. The performance of 
the three phase SAPF is related to the quality of the current references, the synchronous detection method used for harmonic currents 
identification and calculation and the current obtained. The proposed control method allows both harmonic currents and reactive 
power compensation simultaneously. 

The system parameters used in this simulation studies are given in Table 2. 

Table 2   Parameter of the simulation circuit. 

 

 
The phase voltage and load current waveforms without using the SAPF are shown in Figs. 6 (a) and (b) respectively. The load current 
is highly distorted and its Total Harmonic Distorsion (THD) calculated from the frequency spectrum shown in Fig. 6 (c) is equal to 
23%.  
Figs.7(a) and (b) show the compensating current  and  source  current of  the SAPF under PI controller. In Figs. 8(a) and (b) are 
shown the same currents  of the SAPF with the proposed HFSMC. The THD values for the PI and HFSMC are equal to 3 % and 3.9 
% respectively (Figs. 7 (c) and 8 (c)) and are within the allowable harmonic limit. Figs. 7(d)  and 8(d) show the DC capacitor voltage 
response with PI and HFSMC controllers respectively.  
The results show a good transient performance of the source courrent, good regulation of the DC side capacitor voltage and 
sinusoidal waveform of the source current. 
The chattering effects due to the SMC scheme have been reduced with appropriate selection of fuzzy rules which consist of freezing 
the controller gains when steady-state condition is reached [24, 25]. The proposed HFSMC provides superior performance as 
compared to a conventional PI, a basic fuzzy logic and sliding mode controller and has the ability to improve the tracking performance 
of DC side voltage, enhances the robustness of the entire control system and reduce chattering. 
 
 
 
 
 
 

Phase voltage (rms), ௦ܸ                 
Source frequency, ݂                     
Source inductance, ܮ௦                    
Load, ܴ௅, ௅ܥ                                   
Filter line inductance, ܮ௙               

Filter capacitor, ܥௗ௖                      

220 V                  

50 Hz 
0 ,23 mH 
0.78 Ω, 820 μF 

0,08 mH 
22000 

௙ܷ௦௪ 

 ߪ

Π 

Boundary 
layer 



a. Simulation results using without filter 
 

 
                            

                                                                                      

 

 

 

    

 

 

 

 

     Fig. 6 Simulation results before filtering (a) Source voltage, (b) source current and (c) THD of source current.   

 

b. Simulation results with filter and using PI controller  

 

 

   

 

 
 
 
 
 
 
 
 
 
 

       

 Fig. 7 SAPF control using PI Controller (a) Filter current (b) source current (c) THD spectrum (d) Response of DC-link capacitor voltage. 
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c. Simulation results with filter and using Hybrid Fuzzy Sliding mode controller  

                                                                                                                 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 SAPF control using Hybrid Fuzzy Sliding Mode Controller (a) Filter current (b) source current (c) THD spectrum (d) Response of DC-link capacitor 
voltage. 

 

 

5 CONCLUSION 

       A Hybrid Fuzzy Sliding Mode Controller (HFSMC) is designed in this paper for shunt active power filter by combining sliding 
mode control with fuzzy logic control. The results show the superiority and effectiveness of the proposed HFSMC in terms of 
eliminating harmonics, response time. The THD is significantly reduced from 23.74% to 3.9% with a conventional PI controller 
and to 3% with the proposed HFSMC controller,  which are conform with the IEEE standard norms. The proposed HFSMC does 
not need the accurate model of the system, so it is relatively easy to design and implement. Hence, this proposed controller could 
be a potential candidate to control shunt active power filter based on Static Var Compensator (SVC) inverter topology toward 
eliminating the harmonic currents and improving the power factor.    
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