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Abstract 
 
This paper presents a fuzzy logic based three phase four wire four-leg shunt active power filter to suppress 
harmonic currents. Modified instantaneous p-q theory is adopted for calculating the compensating current. 
Fuzzy-adaptive hysteresis band technique is applied for the current control to derive the switching signals for 
the voltage source inverter. A fuzzy logic controller is developed to control the voltage of the DC capacitor. 
Computer simulations are carried out on a sample power system to demonstrate the suitability of the pro-
posed control strategy, for harmonic reduction under three different conditions namely, ideal, unbalance, 
unbalance and distorted source voltage conditions. The proposed control strategy is found to be effective to 
reduce the harmonics and compensate reactive power and neutral current and balance load currents under 
ideal and non-ideal source voltage conditions. 
 
Keywords: Harmonics, Shunt Active Power Filter (APF), Harmonics, Hysteresis Band, Fuzzy Logic Control, 

P-Q Theory 

1. Introduction 

Active filters are widely employed in distribution system 
to reduce the harmonics [1]. Various topologies of active 
filters have been proposed for harmonic mitigation. The 
shunt active power filter based on Voltage Source In-
verter (VSI) structure is an attractive solution to har-
monic current problems. The shunt active filter is a Pulse 
Width Modulated (PWM) voltage source inverter that is 
connected in parallel with the load. Active filter injects 
harmonic current into the AC system with the same am-
plitude but with opposite phase as that of the load. The 
principal components of the APF are the Voltage Source 
Inverter (VSI), DC energy storage device, coupling in-
ductance and the associated control circuits. The per-
formance of an active filter depends mainly on the tech-
nique used to compute the reference current and the con-
trol strategy followed to inject the compensation current 
into the line. 

There are two major approaches that have been pro-
posed in the literature for harmonic detection, namely, 
frequency domain and time domain methods [2]. The 

time domain methods require less computation and are 
widely followed for computing the reference current. 
The two mostly used time domain methods are synchro-
nous reference (d-q-0) theory [3] and instantaneous 
real-reactive power (p-q) theory [4,5]. Though p-q theory 
has good transient response time and steady state accu-
racy [6], it is found to be not suitable for estimating ref-
erence current under non-ideal source voltage conditions. 
Hence modified Instantaneous p-q theory [7,8] is fol-
lowed in this work for harmonic detection. 

There are several control strategies proposed in the lit-
erature for current control namely, PI control [2], predic-
tive current control [9], Sliding Mode Control (SMC) [10] 
and hysteresis control [11]. Among the various current 
control techniques, hysteresis control is the most com-
monly used method because of its simplicity in imple-
mentation. But, with fixed hysteresis band, the slope of 
the reference current is unpredictable [12], which leads 
to increase in switching frequency. Dell Aquila [13] have 
proposed a hysteresis current controller with fixed 
switching frequency which results in low current track-
ing error [14]. But this method gives high value of THD 
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with increased amount of neutral current. Kale et al. [15] 
have proposed an adaptive hysteresis band controller for 
APF application. The adaptive hysteresis band controller 
changes the hysteresis bandwidth as a function of refer-
ence compensator current variation to optimize switching 
frequency and Total Harmonic Distortion (THD) of the 
supply current. But in this method, the source current is 
found to posses large number of spikes which increases 
the THD value. This paper proposes an adaptive hystere-
sis band control, where the hysteresis bandwidth is cal-
culated with the help of a fuzzy logic controller (FLC). 
In this approach, the source current shaping can be 
achieved with minimum amount of spikes resulting in 
reduction in THD and reduction in neutral current to 
zero. 

Another important task in the development of active 
filter is the maintenance of constant DC voltage across 
the capacitor connected to the inverter. This is necessary 
to compensate the energy loss due to conduction and 
switching power losses associated with the diodes and 
IGBTs of the inverter in APF, which tend to reduce the 
value of voltage across the DC capacitor. Generally, PI 
controller [16] is used to control the DC bus voltage. The 
PI controller based approach requires precise mathe-
matical model which is difficult to obtain and it fails to  
perform satisfactorily under parameter variations, non- 
linearity, and load disturbances [17]. Also, in this con-
ventional method, the source current shaping is achieved 
with significant number of spikes. This paper proposes a 
fuzzy logic based approach for D.C voltage control. With 
this controller, it is possible to design a control system by 

adjusting the control surface for different working condi-
tions, so that the controller can follow the reference 
voltage without any spikes. 

An active filter developed using the proposed control 
strategy is simulated using MATLAB/Simulink and its 
performance in suppressing the harmonics is demon-
strated in a sample power system under unbalanced and 
distorted source voltage conditions.  

2. Proposed Control Strategy 

The active power filter topology presented in this paper 
is shown in Figure 1. The power system is configured 
with four wires. The AC source is connected to a set of 
non-linear loads. Voltages Va, Vb, Vc and current Ia, Ib, Ic 
indicate the phase voltages and currents at the load side 
respectively. In is the neutral current of the load side. The 
Active Power Filter consists of three principal parts, a 
three phase four leg full bridge voltage source inverter, a 
DC side capacitor and the coupling inductance Lf. The 
capacitor is used to store energy and the inductance is 
used to smoothen the ripple present in the harmonic cur-
rent injected by the active power filter. The shunt active 
filter generates the compensating currents Ifa, Ifb, Ifc to 
compensate the load currents Ia, Ib, Ic so as to make the 
current drawn from the source (Isa, Isb, Isc ) as sinusoidal 
and balanced. The performance of the active filter mainly 
depends on the technique used to compute the reference 
current and the control system used to inject the desired 
compensation current into the line. In this paper, the 
modified p-q theory is used to determine the current 

 

 

Figure 1. Basic configuration of shunt active filter. 
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references (Ica*, Icb*, Icc*). In Figure 1, the blocks indi-
cated inside the dotted line corresponds to the reference 

er. The source ref-  

current calculation. A fuzzy logic controller with error 
(between the capacitor voltage and reference voltage) 
and change in error as input and real power requirement 
as output is developed to control Vdc. 

A fuzzy adaptive HBCC is used for generating the re-
quired switching signals for the invert

erence current 
*d

d
fai

t
 and the supply voltage  sv t  are  

given as input and t e hysteresis bandwidth is t utput h he o
of the fuzzy controller. The details of reference current 

ference Current 

On portant tasks involved in the devel-
opment of an active filter is the formulation of harmonic 

-wire system are first transformed into a 
th

computation, fuzzy-logic based D.C voltage control and 
fuzzy adaptive hysteresis band control are presented in 
the subsequent sections. 

3. Algorithm for Re
Calculation 

e of the most im

detection method. In this work, the modified instantane-
ous active and reactive power theory (p-q theory) [6] is 
employed to calculate instantaneously the reference cur-
rents. The modified p-q algorithm is a combination of 
p-q algorithm and a positive sequence voltage detector 
algorithm. 

In this method the voltages and currents from the three 
phase four

ree-axis representation α-β-0, using the following 
equations: 
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The power components p and q are related to the α-β 
voltages and currents, and can be written together as 
given below, 
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The instantaneous zero sequence pow

) 

where p is the instantaneous real 
stantaneous imaginary power and

zero sequence power has in turn a mean value or dc 
component (

er is given by, 
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power and q is the in-
 p  is the instantane-

0

ous zero-sequence power. The instantaneous real and 

0,p p ) and an oscillating value or ac com-

me
ce active power. The reference source current 

in

ponent ( 0,p p  ).  
The objective of the p-q theory is to make the source 
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zero sequ

a
en

 the α-β-0 frame is therefore,  

*
0

*

c

c

i V V p p

V V qi

  

 

      
     

     

nt must be compensated, 
the refe ompensation current in the
is I0 


          (5) 

Since the zero-sequence curre
rence c

itself: 
 zero coordinate 

0 0ci I                   (6) 

In order to obtain the reference compensation currents 
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ordinates, the inverse of the transformation 
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The c ensation current for neutral is giveomp n by 
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 that 
th  the 
source  is not sinusoidal, this 
a curre harmonic components [5]. In such a case, 
th

nce of other loads on the shunt filter 
pe

ing sig-
 current 

co  three phases are designed to operate 
indepe tly. Each current controller determines the 

In the p-q theory presented above, it is assumed
e source voltage is sinusoidal and balanced. If

voltage
nt with 

nden

algorithm generates 

e Phase Locked Loop (PLL) can be used to eliminate 
the harmonic components in the voltage at the point of 
common coupling. 

The block diagram representation of the PLL circuit is 
given in Figure 2. PLL is used to detect the fundamental 
positive-sequence component of the voltage at the PCC 
and hence the influe

rformance can be eliminated. This method is called as 
modified instantaneous p-q theory which is suitable for 
balanced, unbalanced and distorted source voltage condi-
tions. This modified p-q theory is followed in this work. 

4. Fuzzy Adaptive Hysteresis Current 
Controller 

Hysteresis current controller derives the switch
nals of the inverter power switches (IGBTs). The

ntrollers of the

switching signals to its inverter bridge. The switching 
logic for phase A is formulated as follows   
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Figure 2. Phase locked loop circuit. 
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In r, the switching logic for devices in 
phase B and C are 

The switches are controlled asynchronously to ramp 
the current through the indu

llows the reference. The current ramping up and down 
between the two limits is illustrated in Figure 3. When 
the current through the inductor exceeds the upper hys-
teresis limit a negative voltage is applied by the inverter  
to the inductor. This causes the current in the inductor to 
decrease. Once the current reaches the lower hysteresis 
limit a positive voltage is applied by the inverter to the 
inductor and this causes the current to increase and the 
cycle repeats. 

The bandwidth of the hysteresis current controller is 
given by [10], 
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where mf  is the modulation frequency, *
fai  is the  

source reference current, 
*d

d
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t
 represents its slope,  

fL  is the decoupling inductance of the active power 
is 

 me
dra

 b hree 
ity of 

filter, is the DC bus voltage and  sv t  the sup-dcV  
ply voltage. 

The fixed hysteresis band thod explained has the 
wbacks of variable switching frequency, heavy inter-

ference etween the phases in case of t phase active 
filter with isolated neutral and irregular the modula-
tion pulse position [15]. These problems result in high 
current ripples, acoustic noise and difficulty in designing 
input filter. To overcome these difficulties, this paper 
presents an adaptive hysteresis band current control 
technique in which the hysteresis bandwidth is deter-
mined by the fuzzy logic controller. 

Fuzzy control is based on the principles of fuzzy logic 
[18]. It is a non-linear control method, which attempts to 
apply the expert knowledge of an experienced user to the 
design of a controller. Fuzzy modeling provides the abil-
ity to linguistically specify approximate relationships 
between the input and desired output. The relationships 
are represented by a set of fuzzy If-then rules in which 
the antecedent is an approximate representation of the 
state of the system and the consequent provides a range 
of potential responses. 

In this work, the fuzzy logic controller is used to de-
termine the hysteresis band width according to the sup-
ply voltage and the rate of change of filter current. 

From Equation (7), it is noted that the hysteresis band-

width is a function of 
*d

d
fai

t
 and  sv t . Hence, these vari- 

ables are taken as input to the fuzzy controller, an

 

d the 
hy
variables namely, NL (Negative Large), NM (Negative 

steresis band width (HB) is the output. Five linguistic Figure 3. Waveform of hysteresis current control operation 
waveform. 
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Medium), EZ (Zero), PM (Positive Medium) and PL 
ssign the (Positive Large) are a ed to input and five lin-

guistic variables, namely PVL (Positive Very Low), PL 
(Positive Low), PB (Positive Big) and PVB (Positive 
Very Big) are assigned to output variables. The mem-
bership functions of the input and output variables are 
shown in Figure 4. The fuzzy rule base with 25 rules is 
given in Table 1. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 4. Membership functions for the input variables (a) 

 sv t , (b) 
*d

d
fai

t
and (c)output variable HB. 

 
Table 1. Fuzzy rule ba or current controller. se f

*d fai
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NL NM EZ dt PM PL 
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NL PB PM PM PM PB 

NM PB PM PL PM PB 

EZ    

PM PB PM PL PM PB 

PVB PM PVL PM PVL

PL PB PM PM PM PB 

In this approach  sw ng uen  ke on-
stant and the current d r-
in etter stability n  pa ete a-
ti

5. Fuzzy-Logic Based DC Voltage Control 

ower necessary to compensate the losses of the 
by 

f 

, the itchi freq cy is pt c
 error is

 and i
 appreciably re

sensitiv
duce

ram
 ensu
r varig b ity to

on. 

The DC side of the inverter is connected to a capacitor. 
The capacitor provides a constant DC voltage and the 
real p
system. In the steady state, the real power supplied 
the source should be equal to the real power demand o
the load plus a small power to compensate the losses in 
the active filter. Hence, it is necessary to maintain the 
DC capacitor voltage at a reference value. In this work a 
fuzzy logic controller is developed to maintain the con-
stant voltage across the capacitor. 

The capacitor voltage deviation and its derivative are 
taken as the inputs of the FLC and the real power (Preg) 
requirement for voltage regulation is taken as the output. 
Both input and output variables are represented by seven 
linguistic variables, namely, NL (Negative Large), NM 
(Negative Medium), NS ( Negative Small), ZE (Zero), 
PS (Positive Small), PM (Positive Medium) and PL 
( Positive large). Figure 5 shows the membership func-
tions of the input and output variables. The fuzzy if-then 
rules formed for controlling the DC voltage are given in 
Table 2. 
 

 

Figure 5. Membership function for the input and output 
variable. 
 

Table 2. Fuzzy rule base for voltage control. 

e
NL NM NS ZE PS PM PL 

de 

NL NL NL NL NL NM NS ZE 

NM PS 

NS NL NL NM NS ZE PS PM 

PL NL NM NS ZE PS PM PL 

NL NL NL NM NS ZE 

ZE NL NM NS ZE PS PM PL 

PS NM NS ZE PS PM PL PL 

PM NS ZE PS PM PL PL PL 
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6. u on su
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an  an ut urr eli  s s 

t the analysis. The test 
upply connected to a 

set of non-linear loads namely, a three-phase uncon-

ed in this case. The 
TH

 Figure 10(a). The 

 Sim lati  Re lts 

is se on p sents e de s of ation
t to ons te th ffec enes f the opo  con
l str gy  the

powe
tive ilter 

ensation, l
 ha onic urren

 bal
cing d ne ral c ent mination. Figure 6 how

monic Distortion (THD) of the distorted three-phase line 
currents (Ia, Ib & Ic) are 18.74%, 25.74% and 50.42% 
respectively. The THD level of neutral current is 
87.29%.The harmonic spectrum of phase and neutral 
currents are shown in Figure 7(c). 

Next, the active filter is simulated using the proposed 
control strategy and connected in parallel with the load. 
Figure 8 shows the waveforms obtainthe test system used to carry ou

system consists of a three phase s D of current in phase A, B and C has reduced to 
2.72%, 3.66% and 3.64% respectively. As shown in 
Figures 8(b) and (d) after the installation of the filter, 
the three phase source current is balanced and sinusoidal 
and it is in phase with the supply voltage. The harmonic 
spectrum of the source current is shown in Figure 8(c). 
As shown in Figure 9(a), the neutral current has been 
completely eliminated. The instantaneous real and reac-
tive power supplied from the source in phase A is shown 
in Figure 9(b). From the figure it is found, that the 
source delivers constant real power and zero reactive 
power to the load which indicates that the source side 
power factor is maintained at unity. Figure 9(c) shows 
the constant voltage (1500 V) maintained by the fuzzy 
logic controller across the capacitor. 

Case B: Unbalanced Source Voltage 
In this case, the source voltage is made unbalanced 

from 0.4 sec to 0.5 sec as shown in

trolled rectifier with RL load and two single-phase un-
controlled rectifiers with RLC load. The active filter is 
connected to the test system through an inductor L. The 
values of the circuit elements used in the simulation are 
given in Appendix A. MATLAB/SIMULINK is used to 
simulate the test system and the proposed shunt active 
filter. The simulation was conducted under three differ-
ent conditions, namely, ideal source voltage, unbalanced 
source voltage and unbalanced-distorted source condi-
tions. The comprehensive simulation results are pre-
sented below. 

Case A: Ideal Source Voltage 
First the system is simulated with ideal source voltage 

and without any filter. The three phase source current 
waveform in this case is shown in Figure 7(a). Figure 
7(b) shows neutral current waveform. The Total har-
 

 

Figure 6. Test system. 
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(a) 

 
(b) 

 
(c) 

Figure 7. Distorted Phase and Neutral current and harmonic spectrum. (a) Distorted three phase source current; (b) Nautral 
current; (c) Harmonic spectrum of phase and netural current. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8. Harmonic current filtering under ideal supply voltage conditions with fuzzy-adaptive HBCC technique. (a) Source 
voltage; (b) Source current; (c) Harmonic spectrum of source current; (d) Source voltage and source current. 
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(a) 

 
(b) 

 
(c) 

Figure 9. Reactive and neutral current compensation under ideal supply voltage conditions with fuzzy-adaptive HBCC tech-
nique. (a) Nautral current; (b) Instantaneous real and reactive power; (c) Voltage across the capacitor. 
 

 
(a) 

 
(b) 

Figure 10. Unbalanced source voltage and load current. (a) Unbalanced source voltage; (b) Unbalance load current.  
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unbalance is due to the voltage deviation in phase A. The 
unbalanced load current is shown in Figure 10(b). In the 
absence of the active filter, the THD level of the three 
phase currents and neutral current between the time pe-
riod 0.4 sec to 0.5 sec are 20.91%, 25.74%, 50.92% and 
92.06% respectively. The source current waveform and 
its harmonic spectrum after installing the active filter 
with modified p-q theory and the proposed control strat-
egy are given in Figure 11. In this case, the THD level 

C respectively. For comparison, the filter was simulated 
with general p-q theory for reference current calculation 
and the compensated current is shown in Figure 12. 
Since the compensation current references have nega-
tive-sequence component, the three phase compensated 
source current is not sinusoidal with general p-q theory. 
Also in this case, the THD value of source current after 
compensation exceeds the IEEE standard limit as shown 
in Table 3. This shows that the general p-q theory is not 

 has reduced to 2.9%, 3.7% and 3.66% in phase A, B and suitable for compensation under unbalanced source 
 

 

(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11. Harmonic current filtering under unbalanced supply voltage conditions with fuzzy-adaptive hbcc technique. (a) 
Unbalanced source voltage; (b) Source current; (c) Harmonic spectrum of source current (THD for 0.4 to 0.5 sec); (d) Neu-
tral current. 
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(a) 

 
(b) 

Figure 12. Harmonic current filtering using general p-q theory. (a) Load current; (b) Harmonic spectrum of load current 
(THD for 0.4 sec to 0.5 sec). 
 

Table 3. Detailed summary of source current and their THD under unbalanced source voltage. 

Total Harmonic Distortion (THD) (%) 

Without Filter General p-q theory Modified p-q theory Three Phase 

Balanced Voltage 
(t > 0.5 sec) 

Unbalanced Voltage
(0.4 sec < t > 0.5) 

Balanced Voltage
(t > 0.5 sec) 

Unbalanced Voltage
(0.4 sec < t > 0.5) 

Balanced Voltage 
(t > 0.5 sec) 

Unbalanced Voltage
(0.4 sec < t > 0.5) 

Phase A 18.74 20.91 3.07 13.65 2.72 2.9 

Phase B 25.74 25.74 4.5 11.49 3.66 3.7 

Phase C 50.42 50.92 3.8 15.86 3.64 3.66 

 

three phase source voltages are unbalanced 
and distorted, source voltage contains negative sequence 
component and harmonic voltage components. The dis-
torted and unbalanced source voltage, source current and 
its harmonic spectrum and neural line current before the 
installation of the active filter are shown in Figures 
13(a)- (d). Next, the active filter is simulated with modi-
fied p-q theory for reference current calculation and with 
proposed control strategy and connected in parallel with 
the load. The simulation results are shown in Figure 14. 
From the figure it is evident that three phase source cur-
rents are balanced and sinusoidal after the installation of 

and the source side power factor is maintained at unity. 
The summary of source currents and their THD level in 
each phase before and after filtering are given in Table 4. 

For comparison, the filter was simulated with fixed 
HBCC technique and the source current waveform along 
with its harmonic spectrum is shown in Figure 15. Per-
formance comparison of the filter with fixed hysteresis 
band and fuzzy adaptive control strategies is given in 
Table 5. From the table it is observed that the proposed 
current control technique performs better than the fixed 
hysteresis current control technique in reducing the har-
monics. 

voltage conditions. 
Case C: Unbalanced-Distorted Source Voltage 
When the 

the filter. Further, it is found that the source delivers 
constant real power and zero reactive power to the load 
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7. Conclusions 

This paper has presented a fuzzy logic based approach 
for developing the active filter for three-phase four-wire 
distribution system. Modified p-q theory was employed 
for effectively computing the reference current under 
non-ideal source voltage conditions. The active filter was 

simulated using MATLAB/Simulink and the perform-
ance was analyzed in a sample power system with a 
source and set of non-linear loads. The simulation results 
show that the proposed technique is effective in current 
harmonic filtering, reactive power compensation, neutral 
current elimination under unbalanced load and non-ideal 
source voltage conditions. Further the proposed tech-  

 

 
(a) 

 
(b) 

 
(c) 

 

tage condition. (a) Unbalanced and distorted source voltage; 
d) Harmo

(d) 

 vol
t; ( nic spectrum of source current. 

Figure 13. Waveforms under unbalanced and distorted source
(b) Unbalance and distorted source voltage; (c) Neutral curren
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(a) 

 
(b) 

 
(c) 

Figure 14. Harmonic current filtering under unbalanced and distorted supply voltage conditions. (a) Source current; (b
Harmonic spectrum of source current; (c) Neurral current. 
 

) 

 
(a) 

 
(b) 

Figure 15. Harmonic current filtering under ideal supply voltage conditions with fixed HBCC technique. (a) Source current; 
(b) Harmonic spectrum of source current.  
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Table 4. Summary of source current THD. 

THD (%) 
Three Phases 

Without Filter With Filter 

Phase A 26.35 3.38 

Phase B 25.6 4.5 

Phase C 61.2 4.6 

Neutral 98.2 - 

 
Table 5. Summary of source current THD for various con-
trol strategies. 

THD (%) 
Voltage 
Control 

Current Control 
Phase A Phase B Phase C

Without Filter 18.74 25.74 50.42 

Fuzzy Fixed Hysteresis 3.4 4.3 4.5 

Fuzzy 
Fuzzy-Adaptive 

Hysteresis 
2.72 3.6 3.6 

 
nique has quick response time and it keeps the switching 
frequency nearly constant with good quality of filtering. 
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ppen

System Param

Supply phase to phase vo

 
A dix A 

eters 

ltage, frequency 415 V (rms), 50 Hz 

Supp ameters ly line Par Rs = 1 Ω, Ls = 1 mH 

Load  

Filter coupling Inductance 

DC Voltage Control: 
 Voltage 

s 

Sampli

Parameters

R1 = 50 Ω, L1 = 1 mH, C1 = 47 μF 
R2 = 70 Ω, L2 = 37 mH 
R3 = 60 Ω, L3 = 1 mH, C3 = 470 μF 
RD = 0.1 Ω, LD = 3 mH 

Lf = 3 mH, Rf = 0.5 Ω 

1 mF 

 

Inverter DC bus capacitor 

Reference

Hysteresi

1500 V 

0.5 A 

2e–6 sec 

Band Limit 

ng Time 

 

 


