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Abstract
This paper present simple fuzzy control approaches for shunt 
active power filter based on five-level (NPC) inverter which 
can mitigate current harmonics generated by nonlinear loads 
and compensate reactive power. Today, five-level inverter is 
strongly used in the medium and high voltage applications; 
these advantages are low harmonic distortions, low switch-
ing losses, low electromagnetic interference and low acoustic 
noise. Second, fuzzy logic techniques have been successfully 
employed in several power electronic applications. To ben-
efit from these advantages a novel control scheme based on 
fuzzy current controller is adopted; it is designed to improve 
compensation capability by adjusting the current error using 
a fuzzy rule. The reference current signals required to compen-
sate harmonic currents use the synchronous current detection 
method, this technique is easy to implement and achieves good 
results. To maintain the dc voltage across capacitor constant 
and reduce inverter losses, a proportional integral voltage 
controller is used. The simulation of global system control 
and power circuits is performed using Matlab-Simulink and 
SimPowerSystem toolbox. The results obtained in transient 
and steady states under various operating conditions show the 
effectiveness of the proposed shunt active filter based on five-
level (NPC) inverter using fuzzy control.

Keywords 
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1 Introduction
Power pollution drawn from nonlinear loads such as switch-

ing mode power supplies, commercial lighting, ovens, and 
adjustable speed drives results in the degradation of power 
quality in the distribution system. The non-sinusoidal balanced 
or unbalanced currents generate harmonics, reactive power, 
and excessive neutral current. Conventionally, passive filters 
have been used to eliminate current harmonics and increase the 
power factor. However, the use of passive filter has many dis-
advantages. Recently, active power filters [1] have been widely 
studied for the compensation of harmonic and reactive cur-
rents in power systems. Shunt active power filters are operated 
as an ideal current source which can provide a dynamic and 
adjustable solution for eliminating the harmonic currents and 
compensating the reactive power by injection of compensation 
currents [2, 3]. The most powerful converter used has been the 
two-level voltage source inverter [4, 5]. However, due to power 
handling capabilities of power semiconductors, these inverters 
are limited for low power applications. Three-level inverters 
have been successfully employed in medium power applica-
tions in the past years [6, 7]. The five level (NPC) are used in 
high power applications, Their advantages are lower voltage 
harmonics on the ac side, smaller filter size, lower switching 
losses, lower electromagnetic interference, lower voltage stress 
of power semiconductors, and lower acoustic noise. These 
advantages can reduce the construction cost of active filter in 
the medium and high voltage applications [8].

The controller is the main part of any active power filter 
operation and has been a subject of many researches in recent 
years [9, 10]. Among the various current control techniques, 
hysteresis current control is the most extensively used tech-
nique. It is easy to realize with high accuracy and fast response. 
In the hysteresis control technique the error function is cen-
tered in a preset hysteresis band. When the error exceeds the 
upper or lower hysteresis limit the hysteretic controller makes 
an appropriate switching decision to control the error within 
the preset band. However, variable switching frequency and 
high ripple content are the main disadvantages of hysteresis 
current control. To improve the control performances there’s 
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a great tendency to use intelligent control techniques, particu-
larly fuzzy logic controllers. Fuzzy logic control theory is a 
mathematical discipline based on vagueness and uncertainty. 
The fuzzy control does not need an accurate mathematical 
model of a plant. It allows one to use non-precise or ill-defined 
concepts. Fuzzy logic control is also nonlinear and adaptive in 
nature that gives it robust performance under parameter varia-
tion and load disturbances. This control technique relies on the 
human capability to understand the system’s behavior and is 
based on qualitative control rules. Thus, control design is sim-
ple since it is only based on if....then linguistic rules [11, 12].

In this paper, five-level (NPC) shunt active filter using syn-
chronous current detection method  based on fuzzy logic con-
trol approach’s is proposed to mitigate current harmonics and 
compensate reactive power. The performances of the proposed 
Shunt APF are evaluated through computer simulations for 
transient and steady-state conditions using Matlab-Simulink 
program and SimPowerSystem toolbox.

2 Shunt AP filter
Power The circuit configuration of the studied active filter 

is shown in Fig. 1. The configuration is controlled to cancel 
current harmonics on the AC side and make the source current 
in phase with the voltage source. The source current, after com-
pensation, becomes sinusoidal and in phase with the voltage 
source [13, 14].

Fig. 1 Five-level (NPC) shunt active power filter

3 Five-level (NPC) inverter
Multilevel inverters are currently being investigated and used 

in various industrial applications. Five-level inverter is one of 
the most popular converters employed in high power applica-
tions [15]. Their advantages include the capability to reduce the 
harmonic content and decrease the voltage or current ratings of 
the semiconductors [16]. The disadvantage is that the devices 
are needed more and the control algorithm gets more compli-
cated with the increasing of levels and the neutral-point poten-
tial fluctuates easily. The power circuit of the five-level neutral 
point clamped inverter is given by Fig. 2, the DC bus capacitor 
is split into four, providing a three neutral-point. Each arm of 
the inverter is made up of eight IGBTs (Insulated Gate Bipolar 
Transistor) devices, and six clamping diodes connected to the 

neutral-point. The diodes are used to create the connection with 
the point of reference to obtain midpoint voltages. This struc-
ture allows the switches to endure larger dc voltage input on 
the premise that the switches will not raise the level of their 
withstand voltage. For this structure, five output voltage levels 
can be obtained, namely, Udc/2, Udc/4, 0, -Udc/4 and -Udc/2 cor-
responding to five switching states A, B, 0, C and D [17, 18]. 
Table 1 shows the switching states of this inverter [19].

Table 1 Five-level (NPC) witching states

SS*
Switching states

OV**
Ti3 Ti2 Ti1 Ti4 Ti5 Ti6 Ti7 Ti8

A ON ON ON OFF OFF OFF OFF OFF
Udc1 + 
Udc2

B OFF ON ON OFF OFF ON ON OFF Udc1

0 OFF OFF ON ON OFF ON OFF OFF 0

C ON OFF OFF ON ON OFF OFF ON -Udc3

D OFF OFF OFF ON ON ON OFF OFF
-Udc3

-Udc4

Fig. 2 Five-level (NPC) inverter

The switch connection function  Fks , indicates the opened or 
closed state of the switch  Tks : 

F
T
Tks
ks

ks

=




1

0

if closed

if open

For a leg K of the 3-phase, 5-level NPC voltage source 
inverter (VSI), several complementary control laws are pos-
sible. The optimal control law that allows the obtaining of a 
5-level voltage (Udc1, Udc1+Udc2, 0, -Udc3, -Udc3-Udc4) for each leg 
of this inverter is given below:

(1)
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Bks  is the control signal of  TDks .
In order to deduce the model of the inverter and using the 

proposed complementary law, we introduce the connection 
function  Fks  of the switch  TDks  which describes the state of 
the switch (1=turned ON and 0=turned OFF) [20]. In this func-
tion, k is the number of the arm and s the number of the switch. 
The voltage of the three phases A, B, C relatively to the middle 
point M are given by VXM with x = point A, B or C.

V V
F F F U U

F F F U

F F
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k k k dc dc
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Consider now, the connection function Fkm
b  which describes 

the state of a half arm with k the number of the arm and m the 
number of the half arm (1=upper half arm and 0=lower half 
arm). The expression of the half arm connection function using 
the switch connection functions has the following form:

F F F F
F F F F

F F F F

F F F F
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k k k
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The voltage equation using the half arm connection func-
tions will have the following form:

V V
F U U F U
F U U F UXM
k
b

dc dc k dc

k
b

dc dc k dc

( ) = +( ) + ⋅ ( )
− +( ) + ⋅
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The output voltages of the inverter relative to point N of the 
load using the connection functions are given as follows:
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4 Control strategies
The strategy control used is the synchronous reference cur-

rent detection method. It’s concise and requires less computa-
tional efforts than many others method control [21]. The com-
pensating currents of active filter are calculated by sensing the 
load currents, the current delivered by DC voltage regulator 
I*

smd , peak voltage of AC source  (Vsm)  and zero crossing point 
of source voltage. The last two parameters are used for calcula-
tion of instantaneous voltages of AC source as below:

V t V t

V t V t

V t V

sa sm

sb sm

sc sm

( ) = ⋅ ( )

( ) = ⋅ −







( ) = ⋅

sin

sin

sin

ω

ω π2
3

ωω πt −







4

3

In order to compensating the current harmonics, the average 
active power of AC source must be equal with  PLav , consider-
ing the unity power factor of AC source side currents the aver-
age active power of AC source can be calculated as bellow:

P V I Ps sm smp Lav= =
3

2

*

From this equation, the first component of AC side current 
can be calculated as bellow:

I P
Vsmp
Lav

sm

* =
2

3

The second component of AC source current  I*
smd is obtained 

from DC capacitor voltage regulator. The desired peak current 
of AC source can be calculated as bellow:

I I Ism smp smd
* * *= +

The AC source currents must be sinusoidal and in phase with 
source voltages, theses currents can be calculated with mul-
tiplying peak source current to a unity sinusoidal signal, that 
these unity signals can be obtained from Eq. (10):

i t v V
i t v V
i t v V

ua sa sm

ub sb sm

uc sc sm

( )

( )

( )

=
=
=

The desired source side currents can be obtained from 
Eq. (11):

i t I i
i t I i
i t I i

sa sm ua

sb sm ub

sc sm uc

* *

* *

* *

( )

( )

( )

= ⋅

= ⋅
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Finally, the reference currents of AF can be obtained from (12):

i t i t i t
i t i t i t
i t i t

ca sa La

cb sb Lb

cc sc

* *

* *

* *

( ) ( ) ( )

( ) ( ) ( )

( ) (

= −

= −

= )) ( )− i tLc

To compensate the inverter losses and regulate the DC link 
voltage  Udc , a proportional integral voltage controller is used. 
The control loop consists of the comparison of the measured 
voltage  Udc  with the reference voltage  Udc-ref. The loop gener-
ates corresponding current Ic,los as given by:

I K U K U dtc los p dc i dc, = ⋅ + ∫∆ ∆

The control scheme principle of the Five-level (NPC) shunt 
active power filter based on the synchronous reference current 
detection method is given by Fig. 3.

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)
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Fig. 3 Five-level (NPC) shunt APF control strategy

5 Fuzzy shunt APF control
Fuzzy logic controllers (FLCs) have been interest a good 

alternative in more power electronics application. Their advan-
tages are robustness, not need a mathematical model and 
accepting non-linearity. To benefit of these advantages new 
simple fuzzy logic voltage controller for three-level inverter is 
designed. Fuzzy logic unlike Boolean or crisp logic, deal with 
problems that have vagueness, uncertainty or imprecision and 
uses membership functions with values varying between 0 and 
1. There are four main parts for fuzzy logic approach. The first 
part is ‘fuzzification unit’ to convert the input variable to the 
linguistic variable or fuzzy variable. The second part is ‘knowl-
edge base’ to keep the necessary data for setting the control 
method by the expert engineer. The ‘decision making logic’ or 
the inference engine is the third part to imitate the human deci-
sion using rule bases and data bases from the second part. The 
final part is ‘defuzzification unit’ to convert the fuzzy variable 
to easy understanding variable [22, 23]. 

The fuzzy current controller proposed in this paper is 
designed to improve compensation capability of shunt APF 
by adjusting the current error using fuzzy rules. The desired 
inverter switching signals are determined according the error 
between the injected current and reference current. In this case, 
the fuzzy logic current controller has two inputs, error e and 
change of error de and one output S [24, 25]. To convert it 
into linguistic variable, we use seven fuzzy sets: NL (Negative 
Large), NM (Negative Medium), NS (Negative Small), ZE 
(Zero), PS (Positive Small), PM (Positive Medium) and PL 
(Positive Large). Figure 4 shows the membership functions 
used in fuzzification and defuzzification. 

The fuzzy controller for every phase is characterized for the 
following:

•	 Sept fuzzy sets for each input, Sept fuzzy sets for output,
•	 Triangular and trapezoidal membership function for the 

inputs and output,
•	 Implication using the “min” operator,
•	 Mamdani fuzzy inference mechanism based on fuzzy 

implication,
•	 Defuzzification using the “centroid” method.

 

 

 
Fig. 4 Membership function (inputs and output variables)

Errors for each phase are discretized by the zero order hold 
blocks. The error rate is derivative of the error and it is obtained 
by the use of unit delay block. The saturation block imposes 
upper and lower bounds on a signal. When the input signal is 
within the range specified by the lower limit and upper limit 
parameters, the input signal passes through unchanged. When 
the input signal is outside these bounds, he signal is clipped 
to the upper or lower bound [26]. The output of the satura-
tion blocks are inputs to fuzzy logic controllers. The outputs of 
these fuzzy logic controllers are used in generation of pulses 
switching signals of the five-level inverter. The switching sig-
nals are generated by means of comparing a four carrier signals 
with the output of the fuzzy logic controllers. The shunt APF 
control scheme based on five-level (NPC) inverter using fuzzy 
controllers is given by Fig. 5.

Fig. 5 Five-level (NPC) Shunt APF control scheme

The Simulink model of the logic control designed for the 
five-level (NPC) inverter is shown in Fig. 6.

6 Simulation results and discussion
The simulation results are provided to verify the per-

formance and effectiveness of the shunt active power filter 
based on the five-level (NPC) inverter using the proposed 
control scheme. To simulate the proposed shunt active power 
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filter, a model is developed using MATLAB/Simulink and 
SimPowerSystem Toolbox; it is shown in Fig. 7. The active 
filter is composed mainly of the three-phase source, Five-level 
(NPC) inverter, a nonlinear load (Rectifier & R,L or R,C) and 
Fuzzy Logic Controller. The parameters of the simulation are:
Lf = 3 mH, C1 = C2 = C3 = C4 = 3000 μF, Vs=220 V/50 Hz, 
and  Udc-ref = 800 V.

Fig. 6 Five-level (NPC) inverter logic control

Fig. 7 SimPowerSystem Shunt APF model

6.1 Simulations results using conventional PWM 
controller

Figure 8 shows the simulated waveforms of the source cur-
rent and the three-phase ac source voltages before compensa-
tion. The corresponding harmonic spectrum is shown in Fig. 9. 
The harmonic spectrum of the source current after compensa-
tion using conventional PWM controller is shown in Fig. 10.

6.2 Simulations results using Fuzzy controller
The source current and injected current after APF applica-

tion using fuzzy controller are respectively shown in Fig.  11 
and Fig.  12. The output DC capacitor voltage is presented in 
Fig.  13. The waveforms of source voltage with source current 
after compensation are simultaneously shown in Fig. 14. Lastly, 
the harmonic spectrum of the source current after compensation 
is shown in Fig. 15.

Fig. 8 Source voltage and source current without APF

Fig. 9 Source current spectrum without APF (THDi = 28.16 %)

Fig. 10 Source current spectrum after compensation with APF using 
conventional PWM controller (THDi = 3.64 %)
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Fig. 11 Source current after compensation using Fuzzy Controller 

Fig. 12 Injected current

Fig. 13 DC side capacitor voltages

Fig. 14 Current and voltage source after compensation

Fig. 15 Source current spectrum with APF
using fuzzy controller (THDi = 2.80 %)

6.3 Simulations results using Fuzzy controller with 
step change in the load

To evaluate dynamic responses and test robustness of the 
proposed shunt active filter based on fuzzy logic controller, a 
step change in load is introduced between  t1 = 0.2 sec  and  
t2 = 0.4 sec. Figures 16 and 17 show the respective waveforms 
of load current and injected current after compensation with 
step change in load. The dc side capacitor voltage is shown in 
Fig. 18. The current and the voltage source waveforms after 
compensation are simultaneously presented in Fig. 19.

Fig. 16 Load current with step change in load 
(between  t1 = 0.2 sec  and  t2 = 0.4 sec)

Fig. 17 Injected current with step change in load
(between  t1 = 0.2 sec  and  t2 = 0.4 sec)
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Fig. 18 DC voltage with step change in load
(between  t1 = 0.2 sec  and  t2 = 0.4 sec)

Fig. 19 Current and voltage source before and after compensation 
with load step change 

Through visualization Figs. 11, 14 and 19, we are able to 
conclude that the operation of the proposed five-level Shunt 
APF based on fuzzy logic controller is successful. Before the 
application of SAPF, the source current is equal to non-linear 
load current; highly distorted and rich in harmonic. After com-
pensation, the THDi is considerably reduced from 28.16 % 
to 3.64 % using conventional controller and to 2.80 % using 
proposed fuzzy system. The dc voltage is maintained at a con-
stant value which is equal to the reference value  Udc-ref = 800 
V by using PI voltage controller. Figures 16 and 18 illustrate 
the dynamic response of the proposed Shut APF. It is observed 
that the dc voltage pass through a transitional period of 0.06 
sec before stabilization and reaches its reference  Udc-ref = 800 V 
with moderate peak voltage approximately equal to 10 V when 
a step change in load current is introduced between  t1 = 0.2 
sec and  t2 = 0.4 sec. Figures 14 and 19 demonstrate that after 
active filter application, the current source is sinusoidal and in 
phase with the voltage source.

The performances of the proposed five-level (NPC) shunt 
active filter, in terms of harmonics elimination and reactive 
power compensation based on fuzzy logic controller are very 
satisfactory. The THDi values obtained respect the 519 IEEE 
standard Norms (THDi ≤ 5 %).

7 Conclusion
In the present paper, five-level (NPC) shunt active filter with 

neutral-point diode clamped inverter based on fuzzy logic cur-
rent controller is presented. Use of the filter is aimed at achiev-
ing the elimination of harmonics introduced by nonlinear loads. 
Several simulations under different conditions are performed 
using conventional and fuzzy current controllers. The results 
show the superiority and effectiveness of the proposed fuzzy 
controller in terms of eliminating harmonics, response time, 
and magnitude of source current during transient period. The 
THDi is significantly reduced from 28.16 % to 2.80 % for fuzzy 
controller (with shunt APF) in conformity with the IEEE stand-
ard norms. The current source after compensation is sinusoidal 
and in phase with the line voltage source; the power factor is 
nearly equal to unity. Hence, the proposed fuzzy logic current 
controller is an excellent candidate to control shunt active fil-
ters based on multilevel inverter topology toward eliminating 
the harmonic currents and improving the power factor.
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