
 
 

 

  
Abstract—This paper presents the application of fuzzy 

controllers to act in the current control loop of a shunt active 
power filter (SAPF). The SAPF consists of a three-phase 
inverter with four-leg topology, and it has been used to reduce 
the harmonic content produced by nonlinear loads, as well as, in 
the reactive power compensation. The generation of the 
reference currents is based on the synchronous reference frame 
(SRF), which requires the use of a PLL (Phase Locked Loop) 
synchronization algorithm with the grid. The classic PI control 
is here replaced by a fuzzy controller that has features that 
allows fast convergence and robustness when there are 
parametric variations in the physical system. Results obtained 
from simulations are presented to validate the approach and to 
demonstrate the performance of the filter in the suppression of 
harmonic currents and reactive power. 

I. INTRODUCTION 
URRENTLY, with the development of power electronics 
and consequently the proliferation of nonlinear loads 
connected to the electrical system, many problems 

related to power quality (PQ) have arisen. These loads are 
formed mainly by static power converters, and because of 
their nonlinear characteristics, they drain currents from the 
mains with high level of harmonic distortion, which may 
cause deformations on the grid voltage. Among the problems 
caused by the deformation of the input currents, it is possible 
to mention the voltage distortion at the point of common 
coupling (PCC), that occurs due to the interaction of the 
harmonic currents with the impedance of the utility grid, 
which may result in malfunction of the equipment connected 
to the same PCC [1]-[3]. Furthermore, it can be observed 
transformers overheating, reduction of the power factor and 
increasing of the current drawn by electric motors. One of the 
most common methods for filtering harmonic currents and 
compensate the reactive power is through the shunt passive 
power filters (SPPF). However, the SPPF can resonate with 
the power supply when the impedance of the system changes, 
which may result in damage in the equipment connected to 
the mains [4]-[6]. Thus, the shunt active power filters (SAPF) 
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are an alternative to the problems and limitations presented by 
SPPF. They have high output impedance, which implies in 
the reduction of the resonance occurrence. In addition, they 
are less bulky and adjust themselves dynamically with the 
harmonics present in the loads [7]. Within this context, the 
power electronics plays an important role to ensure the 
efficient processing of energy [8]. The operating principle of 
SAPF is illustrated in Fig. 1. The SAPF acts 
injecting/absorbing current at the grid connection point, 
making the current absorbed from the network ideally 
sinusoidal, thereby, the network provides only the 
fundamental waveform whereas the SAPF, the harmonic 
portion. 
To the SAPF operate properly, the strategy used in the 
generation of the compensation currents have to be able to 
separate accurately the fundamental term of the load current 
from the harmonic components. 
Furthermore, the technique used for the control should be 
able to do the filter impose correctly the compensation 
currents. Another additional feature of the SAPF is the 
capability to perform reactive power compensation of with 
minimal modifications in the strategies that produces the 
reference currents [8]. 

 The SRF based algorithm was used as technique for extract 
the reference currents [6], [9]. Among the main inverter 
topologies that allow the control of the neutral current the 
Split-Capacitor, Three-Full Bridge and Four-Legs are the 
most useful structures. A detailed study of the mathematical 
models involving the Four-Legs and Three-Full Bridge 
topologies is shown in [10]. 
The control techniques applied in SAPF typically use PI or 
PID controllers, which are adjusted taking into account the 
linear model of the physical system. Although their design is 
simple, with satisfactory results, they may present 
steady-state error [11]. Thus, fuzzy logic controllers have 
been proposed as an alternative to the limitations imposed by 
classical controllers [12]-[14]. 
This work proposes the use of fuzzy controllers in the current 
control loop of the SAPF in order to obtain features that are 
not presented in classical PI controller, for example, low 
rejection of disturbances, nonlinear control, and therefore 
being a more robust controller [15]. 

Application of fuzzy systems in the control of a shunt active power 
filter with four-leg topology 

Edson J. Acordi, Ivan N. da Silva, Ricardo Q. Machado 

C

 
Fig. 1.  Operating principle of SAPF. 
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To validate the proposed control methodology, results of 
computer simulations are presented to evaluate the 
performance of SAPF in the ability to suppress the harmonic 
currents. 

II. SYSTEM DESCRIPTION 

A. Four-legs SAPF 
The topology of four-leg inverter used is shown in Fig. 2. 

This kind of structure uses 8 insulated-gate bipolar transistor 
(IGBT) allowing full compensation of current flowing 
through the neutral conductor without presenting problems of 
dynamic response as has been reported in the inverter-Split 
Capacitor, besides of the fact that it can work with a 15% 
smaller value of the DC-link voltage [16]. Thus, this topology 
is better suited for applications where it is desired to 
compensate the zero-sequence current, although it requires a 
larger number of IGBT [17]. As the four-leg topology, the 
Three-Full Bridge also allows complete compensation of the 
neutral current without any reduction in performance of the 
filter however 12 IGBTs are required. 

B. Reference currents and control strategy 
To generate the reference currents, the method based on 

SRF is applied, where the load currents (݅ , ݅ , ݅ ) are 
measured and transformed from (abc) to (αβ) by means of the 
Park transformation. Thereby, the two-phase stationary 
system in (αβ) is given as shown in (1). 

 

݅ఈ݅ఉ݅ ൌ ටଶଷ ێێۏ
ۍێ 1 െ ଵଶ െ ଵଶ0 √ଷଶ െ √ଷଶଵ√ଶ ଵ√ଶ ଵ√ଶ ۑۑے

ېۑ . ݅݅݅ ൩          (1) 

 
In sequence, the αβ currents are transformed to the 
synchronous reference system (dq), through (2), where sin(θ) 
and cos(θ) are the unit vectors obtained from the PLL 
(Phase-Locked Loop) [18] in grid-tie operation. 
 ݅݀݅ݍ ൨ ൌ  ሻߠሺݏܿ ሻߠሺ݊݅ݏሻെߠሺ݊݅ݏ ሻ൨ߠሺݏܿ . ݅ఈ݅ఉ൨          (2) 

 
Therefore, the currents in synchronous reference frame (dq) 

are composed by the dc and ac parts. The dc part represents 
the fundamental terms (active and reactive) of the load 
currents and the ac portion represents the harmonic 
components, which can be extracted through the use of a 
high-pass filter (HPF). The block diagram of the SRF based 
algorithm is shown in Fig. 3. 

The direct-axis current (id) is the sum of active fundamental 
current (݅݀ௗ) with the harmonic portion of the load current 
(݅݀) according to (3). 
 ݅݀ ൌ ݅݀ௗ  ݅݀                 (3) 
 
Applying a low-pass filter (LPF) on the ݅݀ current,  ݅݀  is 
obtained, which it represents the fundamental active current 
in the synchronous d-axis. Additionally, the ac which is the 
harmonic component is obtained by subtracting the total ݅݀ 
current from the ݅݀  part. In this way, the result is 
characterized as the harmonic portion of the load current. The 
quadrature-axis current (݅ݍ) is the sum of the fundamental 
reactive portion ( ݍ݅ ) with the harmonic reactive parcel 
 ,current is not filtered as shown in Fig. 3, thus ݍ݅ The .(ݍ݅)
besides the harmonic reactive compensation, is also possible 
the compensation of the reactive portion of the fundamental 
load current. Furthermore, the whole ݅  current is used to 
produce the reference current through the neutral to obtain a 
balanced power flow between the grid and load. Thus, the 
phase currents are balanced and the neutral current equal to 
zero. For the DC-link voltage, a PI controller is used to 
provide an additional amount of active current (݅௩ௗ ) and 
promote the its balancing, which is added in direct-axis 
reference current (݅݀). 
The reference compensation currents (݅ௗכ , ݅כ , ݅כ ) shown in 
Fig. 3, are then compared with  the currents imposed by SAPF 
(݅ௗ, ݅ , ݅) and then employed as inputs (݁ௗ, ݁, ݁) into the 
fuzzy controllers (Fig. 4). Then, they are again transformed to 
the αβ axes through the equation (4). 
 ݒݒכןఉݒככ  ൌ cosሺߠሻ െ݊݅ݏሺߠሻ ሻߠሺ݊݅ݏ0 cosሺߠሻ 00 0 1൩ . ݒௗݒכݒככ        (4) 

 
Where, ݒௗכ כݒ ,  and ݒכ  are the respective outputs of fuzzy 
controllers in dq0 coordinates, considering the uncoupling of 
the current of direct and quadrature axes [10]. 
The control actions ݒఈכ כఉݒ ,  and ݒכ  are then taken to the 
space vector modulation (SVM) [19], [20] which will cause 
activation of the IGBTs in order to correctly synthesize the 
compensation currents. 

 
Fig. 2.  Four-leg inverter topology. 
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Fig. 3.  Block diagram of SRF based algorithm. 
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Note in Fig. 4, that for determination of the error signal led to 
the inputs fuzzy controllers, and for decoupling the currents 
of direct and quadrature axis, it is necessary to calculate the 
currents imposed by the filter in coordinates dq0 ( ݅ௗ , ݅ , ݅). This is accomplished as shown in Fig. 5. 

    

III. FUZZY CONTROLLERS OF CURRENT LOOPS 
The theory of fuzzy sets are based on the studies proposed 

by Zadeh in 1965 [21], where the concepts were used to 
describe systems with imprecise information about a 
particular process through sets of linguistic rules. The fuzzy 
controllers are based on the knowledge of the process, where 
it is possible to synthesize the functioning of a system through 
the control routines that allow the particularities of the system 
to be maintained. Thus, an inference system grounded in 
applied rules based on set theory and fuzzy logic consist of 
mathematical tools for the implementation of control systems 
with linguistic rules. Initially, for the accomplishment of 
fuzzy design controller, the information are collected from 
the process described by an expert, where they are 
parameterized in order to obtain a satisfactory controller. The 
fuzzy controllers are basically composed of 4 main 
components, fuzzification system, inference, defuzzification 
system and database/rules [22]. For the strategy adopted in 
this paper, three fuzzy controllers are needed, in axes d, q and 
0, respectively. The controllers of the dq axes have the same 
adjustment, since the models that represent the physical 
system are similar. However, for the controller in the 0 axis, 
the adjustment of fuzzy rules is different due to the model 
associated with this axis [10], [20]. 

Figure 6 shows the block diagram of the implemented 
fuzzy controllers. 

 

 

  
The fuzzy controller has two inputs, one with the signal of 

the error and the other with the integral of error and a single 
output, which is the signal of the control action. The 
membership function of the input signals were defined 
according to Fig. 7. 

 
On the other hand, the membership function of the integral 

part of the dq axes were defined as shown in Fig. 8. 

 

Whereas, the adjustment of the membership function of the 
output signal in dq axes, were defined as shown in Fig. 9. 

 
Note that, NB and NS represent the numerical variables 

into linguistic variables; negative big and negative small 
respectively. Similarly, PS and PB are positive small and 
positive big. The membership function of the integral part of 
the input signal for the zero axis controller is parameterized as 
shown in the Fig. 10. 

 

 
Fig. 5.  Currents imposed by SAPF.  
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Fig. 4.  Fuzzy controllers. 
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Fig. 6.  Block diagram of the fuzzy controllers.  
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Fig. 7.  Membership function of input signal (error).  
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Fig. 8.  Membership function of the integral input signal (dq axes). 
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Fig. 9.  Membership function of the output signal (dq axes). 
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For setting the membership function of the output signal for 
the 0-axis controller, the adjustment was made as seen in      
Fig. 11. 

 
In fuzzy controllers, the implication operator of type MIN 
was used and for the defuzzification, the centroid method 
(central-of-areas) was applied. 
In the implementation of fuzzy controllers, nine implication 
rules were defined, as shown in the Table I, where the error 
represents the input signal and ierror the integral of the input 
signal, and act the output signal (control action). 

 
Figure 12 shows the control surface of axes dq and 0. Note 
that the control surface is not linear, unlike PI controllers. The 
control surface is represented declaratively on database and 
executed by rules defined to the controller. 

 

IV. SIMULATION RESULTS 
This section presents the results of simulations with 

Matlab/Simulink software to the SAPF with fuzzy controllers 
applied in the current loops in replacement of the traditional 
PI. The simplified topology of the simulated system is shown 
in Fig. 13, which is formed by the power supply, load and the 
SAPF connected in parallel with the load. 

The parameters used in the simulations are shown in Table II. 
The simulation was entirely discretized, so that the values 
stay as close as possible to a real system. 

 
The parameters of the loads are shown in Table III. The load 1 
consists of three rectifiers single-phase full-wave with 
elements RL (Resistive-Inductive) in series. The load 2 has 
the same rectifier configuration but with elements RC 
(Resistive-Capacitive) in parallel in rectifier of phase 'c'. 

 
The currents waveforms of the simulated system considering 
the load 1 are shown in Fig. 14. The load currents ݅, ݅, ݅ 
and ݅ are shown in Fig. 14 (a), where it is possible to note 
that these are unbalanced and have non-sinusoidal 
characteristics. The Fig. 14 (b) shows the phase currents 

 
Fig. 10.  Membership function of the integral input signal (0 axis). 
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Fig. 11.  Membership function of the output signal (0 axis).
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TABLE I 
IMPLICATION RULES OF FUZZY CONTROLLERS 

Rules Condition Action 

1 If (error<0) and (ierror<0)     act = NB 
2 If (error<0) and (ierror=0) act = NB 
3 If (error<0) and (ierror>0) act = NB 
4 If (error=0) and (ierror<0) act = NS 
5 If (error=0) and (ierror=0) act = Zero 
6 If (error=0) and (ierror>0) act = PS 
7 If (error>0) and (ierror<0) act = PB 
8 If (error>0) and (ierror=0) act = PB 
9 If (error>0) and (ierror>0) act = PB 

 
Fig. 13.  Simplified schematic of the simulated system. 
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TABLE II 
PARAMETERS OF THE SIMULATED SYSTEM 

Supply Voltage ( ܸ௦) 127 V 
Supply frequency (f) 60 Hz 
Filtering Inductance (ܮ) 1 mH 
AC Inductance (ܮ) 1.2 mH 
Series resistance of the Filtering Inductance (ܴ) 0.20 Ω 
DC bus voltage ( ௗܸ) 400 V 
DC Bus capacitance (ܥௗ) 4.7 mF 
Sampling frequency ( ௦݂) 40 kHz 
Switching frequency  ( ௦݂௪) 20kHz 

TABLE III 
LOAD PARAMETERS 

 Phase ‘a’ Phase ‘b’ Phase ‘c’ 

 
Load 1 

Ra=4.8 Ω 
La=13 mH 

Rb=5.9 Ω 
Lb=18 mH 

Rc=8.8 Ω 
Lc=22 mH 

 

 
Load 2 

Ra=4.8 Ω 
La=13 mH 

Rb=5.9 Ω 
Lb=18 mH 

Rc=25 Ω 
Cc=940 µF 

 
(a)                                                 (b) 

Fig. 12.  Fuzzy control surface. (a) dq axes; (b) 0 axis. 
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drained from the mains ( ݅௦ , ݅௦ , ݅௦  and ݅௦ ) after 
compensation held by SAPF, where it can be observed that 
they became practically sinusoidal and balanced, and the 
neutral current (݅௦) is very close to zero, as expected. 
 

For load 2, the results are shown in Fig. 15 (a) and (b) 
respectively. Note that the rectifier current of the phase 'c', has 
a higher harmonic content than the other phases because of 
the RC elements. Even in this situation, the fuzzy controllers 
designed were able to do the SAPF impose adequately the 
compensation currents, since the currents drained from the 
grid were practically sinusoidal and balanced resulting in a 
neutral current (݅௦) very close to zero. It is observed that the 
compensated current of phase 'c' was slightly more distorted 
compared with the load 1 because there is a greater effort of 
the SAPF to follow the high rates of current changing 
presented by the rectifier with RC elements. 

 
The total harmonic distortions of the source currents before 
and after the compensation of the SAPF with fuzzy/PI 
controllers are presented in Table IV. Note that the harmonic 
content of the source currents were reduced from the 22-24% 
to approximately 5-6%. For the load 2, that represents the 
worst case, the phase 'c' had a reduction from 83.9% to 
7.65%, showing the effectiveness of the fuzzy controllers. 

As shown in Table IV, the results obtained with the PI and 
fuzzy controllers are very similar. Another simulation was 
performed to evaluate the results of the SAPF under 
conditions of parametric variation of the physical system, 
both for the fuzzy controller as for PI. In this case were 
considered that supply voltage has a 5.08% of THD, with 
filtering inductance L ൌ  Furthermore, a step load of .ܪ0.8݉
50% was added at time 0.5s. The results are shown in Fig. 16 
(a) and (b). 

In this case, the total harmonic distortions of the source 
currents are presented in Table V. Note that the fuzzy 
controllers showed better performance than the PI. For fuzzy 
controllers, the THD has reduced to approximately 11-12%, 
while PI decreased to 15-17%. 

 
For all simulations, the THD was evaluated up to the 51st 
harmonic, and 10 cycles of the current were considered. 

V. CONCLUSION 
This work presented the application of fuzzy systems to 

control the current loop of the SAPF with four-leg topology. 
The principle of operation of the SAPF was presented, as well 
as the technique for generating the reference currents and the 
applied algorithm, which is based on the synchronous 
reference frame (SRF). The control of the SAPF was 
performed in the dq0 synchronous coordinated system using 
three fuzzy controllers responsible for ensuring that the 
compensation currents of SAPF are imposed properly on the 
mains. Through the simulations, it was observed that the 
fuzzy controllers have provided an appropriate operation of 
the SAPF in suppression of the harmonics of load current and 
reactive power compensation, so that the currents absorbed 
from the grid become approximately sinusoidal and balanced, 
thus providing improvement of the power quality in the 
presence of nonlinear loads. 
 
 

 
                        (a)                                                    (b) 
Fig. 14.  Currents of the system. (a) Load currents ݅, ݅, ݅ and ݅; 
(b) Mains currents ݅௦, ݅௦, ݅௦ and ݅௦. 
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(a)                                     (b) 

Fig. 15.  Currents of the system. (a) Load currents  ݅, ݅, ݅ and ݅; 
(b) Mains currents ݅௦, ݅௦, ݅௦ and ݅௦. 
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TABLE IV 
TOTAL HARMONIC DISTORTION OF THE CURRENTS 

 THD (%) 

 Load Currents SAPF with Fuzzy 
Controllers 

SAPF with PI 
Controllers 

 Phases Phases Phases 
Load ‘a’      ‘b’      ‘c’           ‘a’      ‘b’      ‘c’         ‘a’      ‘b’      ‘c’ 
   1         22.1    24.8    24.03        5.24    6.02    5.37        5.17    5.77    4.98 
   2         22.3    25.1    83.90        6.15    6.05    7.65        5.93    6.08    7.51 

TABLE V 
TOTAL HARMONIC DISTORTION OF THE CURRENTS 

 THD (%) 

 Load Currents SAPF with Fuzzy 
Controllers 

SAPF with PI 
Controllers 

 Phases Phases Phases 
Load ‘a’     ‘b’     ‘c’          ‘a’      ‘b’      ‘c’           ‘a’       ‘b’      ‘c’ 
   1         26.4    28.7    30.10       11.37    12.44    12.52       15.24    15.17    17.18 
   2         27.6    29.8    67.90       12.17    12.77    11.19       17.14    16.47    17.86 

 
(b)                                     (b) 

Fig. 16.  Currents of the system. (a) Load currents ݅, ݅, ݅ and ݅; 
(b) Mains currents ݅௦, ݅௦, ݅௦ and ݅௦. 
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