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This paper presents the performance of novel configuration of series active power filter (Series 
APF) based on five-level neutral point clamped (NPC) using modified instantaneous reactive 

power theory control strategy with fuzzy control scheme. The series filter is adopted to 

decrease voltage harmonics, compensate all voltage disturbances and regulate the terminal 
voltage of the load. The series APF injects a voltage component in series with supply voltage 

which is added or subtracted from the source voltage thus maintaining the load side 

waveforms as pure sinusoidal. Multi-level inverters are currently being investigated and used 

in various industrial applications. Five-level (NPC) inverter topology is one of the most 
converters employed in medium and high power applications, their advantages include the 

capability to reduce the harmonic content and decrease the voltage or current ratings of the 

semiconductors. On the other hand intelligent techniques know today a great use, due to the 

advantages that offers compared to conventional techniques. To benefit of these advantages 
efficient control scheme for series APF using this techniques is proposed in this work. The 

fuzzy voltage controller is designed to improve compensation capability of series active power 

filter by adjusting the voltage error using a fuzzy rule. The simulation is performed using 

MATLAB-Simulink and SimPowerSystem Toolbox. The performance in steady and transient 
states show the efficiency and the simplicity of the proposed control scheme based on 

modified p-q control strategy. Before compensation the source voltage is much distorted with 

high THDv value equal to 46.93%. After compensation using proposed Series APF the THDv 

is reduced to 3.57% in conformity with 519-IEEE standard norms.  
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1. Introduction  

The proliferation of nonlinear loads such as static power 

converters results in various undesirable phenomena in the 

operation of power systems, harmonic pollution is being 

considered as one of the major problems that degrade the 

power quality [1]. To improve the power quality, some 

solutions have been proposed by several authors. Among 

them the shunt and series active power filters have proven 

as an important and flexible alternative to compensate most 

important voltage and current related power quality 

problems in the distribution system [2]. The series APFs 

have been proposed as an interesting and high performance 

solution to compensate most important voltage 

disturbances [3]. The Series APF is specially used to 

compensate unbalances, sags, swells and harmonics [4]; it 

is inserted in series between the load and the source voltage 

and injects a compensating voltage.  

Several multilevel inverter topologies are being used for 

shunt or series active filter applications, but some    

practical     problems   like    power    circuit packaging, 

switching circuit complexity and dynamic voltage stress 

have restricted the number of inverter levels to 3 or 5 [5].  

The controller is the most important part of any active 

power filter and has been a subject of many researches in 

recent years [6]; for improving the performances there’s a 

great tendency to use intelligent control techniques 

particulary artificial neural natwork, fuzzy logic, expert 

system and various other optimization methods [7]. These 

techniques permit to solve system complexity and make 

control more robust for transient conditions. Fuzzy logic 

control (FLC) is one of the significant tools in control 
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design originated by Zadeh. Their advantages compared to 

conventional controllers are robustness, insensitivity to 

parameters variations, handling of non-linearity and 

independent on mathematical models. 
The investigation in this paper concentrates on the fuzzy 

control techniques adopted for Series APF using five-level 

(NPC) inverter to compensate all voltage disturbances. The 

performance of the proposed series APF is evaluated using 

Matlab-Simulink and SimPowerSystem Toolbox under 

different voltage disturbances.  

2. Series APF system  

Figure (1) shows the proposed series APF, it is inserted 

between the disturbance voltage source and non-linear 

loads. Lf and Cf are inductance and capacitance of passive 

filter used to suppress switching ripples. The three 

transformers are used to inject the compensating voltages. 

 

 
Fig. 1 Series active power filters with five-level (npc) inverter 

topology.  

3. Multi-level inverters  

In recent years, multilevel converters have shown some 

significant advantages compared to conventional voltage 

source inverters (VSIs) [8] especially for high-power and 

high-voltage applications. Diode clamped Multi-level 

inverter is the most important topology adopted when high 

number of output voltage levels are required [9] and five-

level inverter topology is the most popular converters 

employed in medium power applications. In addition to 

their superior output voltage quality, they can reduce 

voltage stress across switching devices with lower dv/dt. In 

general, the more voltage levels of converter has the less 

harmonic and better power quality. However, the increase 

in converter complexity and number of switching devices 

need a complex logic control for switching pulses 

generation [10]. In case of five-level (NPC) inverter shown 

in 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 Insulated Gate Bipolar Transistor (IGBTs) devices. 

The clamping diodes connected to the neutral-point are 

used to create the connection with the point of reference to 

obtain midpoint voltages. This structure 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 

corresponding to five switching states given by Table (1) 

[11, 12]. 

 
Fig. 2 Five-level (npc) inverter.  

 

Table 1. Switch states of five-level (npc) inverter.  

 

 

 

 

  Switching 

  States 

Si A B 0 C D 

S1 1 1 1 1 0 

S2 1 1 0 0 0 

S3 1 0 0 0 0 

S4 0 0 1 1 1 

S5 0 0 0 1 1 

S6 0 1 1 0 1 

S7 0 1 0 0 0 

S8 0 0 0 1 0 

Output 

voltages 

Udc1+ 

Udc2 

+Udc1 0 - Udc3 - (Udc3 

+ Udc4) 

 
To control multilevel inverters, different modulation 

methods are possible: sinusoidal pulse width modulation 

(SPWM), selective harmonic elimination (SHE-PWM), 

space vector modulation (SVM) etc. These methods can be 

c1assified according to switching frequencies used [13]. In 

case of multi-level inverters using SPWM techniques 

various multi-carrier techniques have been developed. In 

SPWM modulation technique a sinusoidal reference wave 

is compared with triangular carrier waveform to generate 

gate pulses for switches of inverter. This traditional PWM 

technique can be applied to multi-level inverter topologies 

by using multiple carriers. 

4. Phase shift modulation  

Voltage shifted modulation is way based on the carrier 

modulation. the carrier number is (m-1) when m is level 

number of the diode clamped inverter used. All of these 

carriers have the same frequency and the same amplitude. 

This (m-1) a triangular carrier in the space is distributed 

vertically, and the occupied area is continuous, with each 

other closely connected, symmetrically distributed on the 

horizontal axis on both sides, and then with a sinusoidal 

modulation wave is compared, to generate a trigger pulse 
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[14]. For the three-phase converters configuration the PD-

PWM is much better than POD-PWM and APOD-PWM in 

the aspects of waveform shape and THD of the output line 

voltages [15]. Hence, this work adopts the PD-PWM to 

modulate the 5-level (NPC) inverter. Fig. 3 shows the 

principle of PD shifted voltage modulation in case of five-

level inverter topology. 

 
Fig.  3 Waveforms of phase disposition shifted pulse width 

modulation (PD-SPWM). 

5. Control strategies  

The control strategy is basically the way to generate 

reference signals for series APFs. The compensation 

effectiveness of the Series APF depends on its ability to 

follow with a minimum error and time delay the reference 

signals to compensate the distortions, unbalanced voltages 

or currents or any other undesirable condition [16]. When 

the three-phase load instantaneous voltages LuU , LvU , 

LwU  and currents Lui , Lvi , Lwi  are transformed into two-

phase (α–β) coordinates. The two phase voltages αu , βu  

and currents αi , βi  are respectively given by [17]:   
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On the (α–β) plane, u  can be considered to be composed 

of αu  and βu , i  of αi and βi : 

                                          

βα

βα

i+i=i

u+u=u
                                 (3) 

Assume that pu is the projection of u  in the direction of 

i  and qu  the projection of u  in the vertical direction of 

i ; pu  and qu can be represented by: 
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Cpq
 
is the p-q transformation matrix, which executes the 

calculation to convert the two-phase voltages αsu and βsu

into pu  and qu . LuU , LvU , LwU  are the three-phase 

voltage source, the respective components pu  and qu in 

pu and qu are corresponding to the positive sequence 

fundamental active and reactive components in three-phase 

voltages.  

The fundamental components LufU , LvfU , LwfU  can be 

obtained by an inverse transformation: 

 

  





































































































q

p
pq

Lwf

Lvf

Luf

q

p

Lwf

Lvf

Luf

U

U
CC

U

U

U

U

U

tt

tt

U

U

U

1
23

)sin()cos(

)cos()sin(

2

3

2

3
0

2

1

2

1
1

3

2





             (5) 

C
1

pq is the inverse matrix of Cpq, which executes the 

calculation to convert up and uq back into (α–β) 

coordinates.  

 
Fig. 4 Control strategies based on modified p-q.  

6. Series APF Control  

Artificial intelligence is one of the key areas to solve such 

system complexity and make control more robust for 

transient conditions. Neural network, fuzzy logic, expert 

system, various other optimization methods are used for 

the improvement of power quality [18, 19]. Fuzzy logic 

control (FLC) is one of the significant tools in control 

design originated by Zadeh [20]. The advantages of FLC 

over conventional controllers are high robustness, 

insensitivity to parameters variations, handling of non-

linearity and independent on mathematical models. To 

benefit of these advantages a FLC is proposed to control 

the Series APF. It is designed to improve compensation 

capability by adjusting the voltage error using fuzzy rules 

stored in the knowledge base. The desired inverter 
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switching signals are determined according to the error 

between the compensate voltages and reference voltages. 

In this case, the fuzzy logic voltage controller has two 

inputs, error e and change of error de and one output s [21, 

22]. 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). The 

membership functions used in fuzzification and 

defuzzification are shown in Fig. 5. 

Triangles or triangular membership function (TMF) have 

been frequently used in several applications of FLC. TMF 

are preferred due to simplicity, easy implementation, 

symmetrical along the axis. The number of linguistic 

variables is directly related to the accuracy of 

approximating function and plays an important role for 

input-output mapping. 

The fuzzy controller for every phase is characterized for 

the following: 

 Seven fuzzy sets for each input, 

 Seven 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. 5 Membership functions. 

 

The modulation Errors for each phase is discretized by the 

zero order hold blocks. The error rate is the 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, the signal is clipped to the upper or 

lower bound. The outputs of the saturation blocks are 

inputs of fuzzy logic controllers [23]. The outputs of these 

fuzzy logic controllers are used in generation of pulses 

switching signals of the five-level (npc) inverter. The 

switching signals S13, S16, S23, S26, S33 and S36 are 

generated by means of comparing a four carrier signals 

Ds1, Ds2, Ds3 and Ds4 with the output of the fuzzy logic 

controller. The Simulink model of the fuzzy logic 

switching signals generation is given by Fig. 6.  

 
Fig. 6 Series APF switching signals generation.  

 

The difference between the injected voltages and the 

compensate voltages determines the reference signal 

control. These signals are compared with four triangular-

carrying identical waves shifted from one to the other by a 

(+Upm, -Upm and -2Upm) and generating switching pulses.  

Determination of the intermediate signals VK1 and VK0: 

 If error Ec  carrying 1 Then Vk11=Udc/4, 

 If error Ec  carrying 1 Then VK11=0, 

 If error Ec  carrying 2 Then VK12=Udc/4,  

 If error Ec  carrying 2 Then VK12=0.  

 If error Ec  carrying 3 Then VK10=0, 

 If error Ec  carrying 3 Then VK01= -Udc/4, 

 If error Ec  carrying 4 Then VK02=0, 

 If error Ec  carrying 4 Then VK02=-Udc/4, 

With:  VK1= Vk11+ VK12 and VK0= VK01+ VK02 

Determination of control signals of the switches Tij (i=1, 2, 

3; j=1, 2, 3): 

 If (VK1+VK0)= +Udc/2  Then Ti1=1, Ti2=1, Ti3=0,  

 If (VK1+VK0)= +Udc/4  Then Ti1=1, Ti2=1, Ti3=0,  

 If (VK1+VK0)=       0     Then Ti1=1, Ti2=0, Ti3=0,  

 If (VK1+VK0)= -Udc/4   Then Ti1=0, Ti2=0, Ti3=1, 

 If (VK1+VK0)= -Udc/2   Then Ti1=0, Ti2=0, Ti3=0, 

The Simulink model of the logic control designed for five-

level (NPC) inverter is shown in Fig. 7. 

 

 
Fig. 7 Five-level (npc) inverter logic control. 
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7. Simulation results and discussion  

SimPowerSystems is the Toolbox of Matlab-Simulink that 

operates in Simulink environment. It consists of electrical 

power circuits and electromechanical devices. It is 

developed to simulate electrical drive, power electronics 

and electrical power systems. The series APF model based 

on fuzzy voltage controller is shown in Fig. 8. It is 

designed and performed under MATLAB-Simulink and 

SimPowerSystem environment.  

 
Fig. 8 Five-level (npc) series APF block diagram. 

 

At time t1=0.1sec to t2=0.16sec, harmonic voltage 

disturbances is introduced voluntarily in the utility. The 

series APF is put into operation and starts instantly the 

process of compensation. The load voltage before series 

active filter operation and the three-phase compensated 

voltages delivered to sensible load are shown in Fig. 9.  

             (a) Load voltages without Series APF 

 
(b) Load voltages after compensation with Series APF 

Fig. 9 Simulation results using Series APF for harmonic 

disturbances compensation. 

Figures 10 and 11 presents the voltage harmonic spectruim 

before and after compensation. The THDv (%) is reduced 

from 46.93% to 3.56% using p-q control strategies and to 

3.57% using proposed modified p-q method in conformity 

with 519-IEEE standard norms. 

 

 
Fig. 10 Load voltage harmonic spectrum without Series APF: 

THDv=46.93%. 

 

  

(a) p-q control strategies : Fundamental (50Hz) = 307.7: 

THDv(%)=3.56% 
 

   

(b) Modified p-q control strategies : Fundamental (50Hz) = 

308.2: THDv(%)=3.57% 

Fig. 11 Load voltage harmonic spectrum after compensation. 
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The performance of the proposed Series APF system is 

also tested under all voltage disturbances introduced 

simultaneously. The simulation results are shown in Fig. 

12.  

 
(a) Load voltages before compensation 

VL-a,b,c (V) 

 
(b) Reference voltages Uabc-ref (V) 

 
(c) Compensation voltages Uabc-comp (V) 

 
(d) Load voltages after compensation UL-abc (V) 

Fig. 12 Simulation results using Series APF for all voltage 

disturbances compensation. 

 

 

 

The performance of the proposed series APF system is 

tested under all voltage disturbances introduced 

simultaneously: harmonics, swells, sags and unbalances. 

Figures (10) and (11) show respectively the harmonic 

spectrum of the voltage delivered to sensitive loads before 

and after application of the proposed series APF.  

It is observed that the load voltage harmonics are widely 

reduced in conformity with IEEE-519 standard norms from 

46.93% to 3.57% using modified p-q control strategies. It 

is shown in Fig. 12; that after introducing voluntarily the 

voltage swell (35%), voltage sag (30%) or unbalances in 

the supply voltage, the load voltage is instantly 

compensated.  

The effectiveness of the proposed series active filter has 

been demonstrated in maintaining the three-phase load 

voltages balanced and sinusoidal, moreover the proposed 

system does not show any disturbance significant effect 

present in the utility voltages on its compensation 

capability and the load voltage is maintained constant and 

sinusoidal under all voltage disturbances. 

8. Conclusion  

To enhance the power quality and improve the voltage 

delivered to sensitive loads a series APF based on five-

level (npc) inverter topologies using fuzzy control 

techniques has been proposed in this paper.  

The most voltage disturbances studied concern voltage 

harmonics, sags, swells and unbalances, all these 

disturbances are successfully compensated using the 

proposed system. The load voltage harmonic levels are 

maintained below IEEE-519 standard Norms when the 

source voltage is distorted, the THDv (%) is significantly 

reduced from 46.93% to 3.57% based on modified 

instantaneous reactive power theory with fuzzy control 

approaches. This method is simpler to implement and give 

good performances compared to other control methods 

used for a series filter. The simulation results show that the 

proposed series APF is efficient and compensates 

effectively the voltage harmonics and all voltage 

disturbances instantly in conformity with the international 

IEEE 519-1992 standards norms. 
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