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ABSTRACT 
 

Aims: To carried out performance analysis of a shunt active power filter (SAPF) for harmonics 
mitigation. 
Study Design: Experimental design through simulation studies using P-Q Theory and proportional 
integral controller. 
Place and Duration of Study: Department of Physics, Nasarawa State University Keffi, main 
campus, Nigeria, between October 2020 and September 2021. 
Methodology: Primary and secondary data were obtained using AVO Digital Multimeter and 
manufacturers’ datasheets from Schneider electric website to capture required system parameters, 
SAPF was designed using a Voltage Source Inverter model to represent the Three-Phase source, 
and P-Q Theory with PI Control was used for reference current extraction. The SAPF was modeled, 
designed and simulated using MATLAB-Simulink and analyzed under different nonlinear load 
conditions and harmonic spectrum to achieve low Total Harmonic Distortion (THD). 
Results: The THD in the unbalanced system voltages before the application of SAPF was found to 
be 12.6%, 11.4% and 11.2%, while after the application of SAPF was 2.2%, 2.5% and 2.5% for 
phase voltages a, b and c respectively. The grid currents indicated THD of 27.2%, 30.9% and 31% 
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before application of SAPF and 2.2%, 2.2% and 2.1% after application. 
Conclusion: The use of non-linear loads; has adverse effects on the quality of electric power as 
well as phase voltage and frequency waveforms. The use of SAPF is of vital importance in 
improving electric power quality for reliable power supply and quality service delivery. 

 

 
Keywords: Active power filters; total harmonic distortion; proportional integral controller; MATLAB-

Simulink; harmonic mitigation; nonlinear loads; P-Q theory. 
 

1. INTRODUCTION 
 
“Electrical loads, drawing sinusoidal current from 
a sinusoidal voltage source, are called linear 
loads. They consist of only resistive (R), 
inductive (L) and capacitive (C) passive 
elements” [1]. “Non-linear loads draw non-
sinusoidal current waveform, although they are 
fed from a sinusoidal voltage source. These 
nonlinear loads control the flow of power by 
drawing currents only during certain intervals of 
the 50/60 Hz period. Thus, the current drawn by 
the nonlinear load is non-sinusoidal and appears 
chopped or flattened” [2]. The increasing use of 
power electronics based non-linear loads; has 
adverse effects on the quality of electric power, 
thereby impeding the maintenance of purely 
sinusoidal current waveform as well as phase 
voltage and frequency waveforms [3]. “Therefore, 
a power quality problem occurs if any of the 
voltage, current or frequency deviation from 
sinusoidal nature. Power quality problems are 
common in developing economies especially in 
Nigeria, in the areas of industrial, commercial 
and utility networks; as power electronics 
appliances are used more in these fields. These 
appliances generate harmonics and reactive 
power” [4].   
 
According to IEEE Standard 519, “A sinusoidal 
component of a periodic wave or quantity having 
a frequency that is an integral multiple of the 
fundamental frequency is defined as harmonic" 
[5]. “Any periodic, distorted waveform can be 
expressed as a sum of pure sinusoids. The sum 
of sinusoids is referred to a Fourier series, which 
permits a periodic distorted waveform to be 
decomposed into an infinite series containing DC 
component, fundamental component (50/60 Hz 
for power systems) and its integer multiples 
called the harmonic components. The harmonic 
number (h) usually specifies a harmonic 
component, which is the ratio of its frequency to 
the fundamental frequency” [6]. “Harmonic 
distortion can have detrimental effects on 
electrical distribution systems; waste energy and 
lower the capacity of an electrical system and 
also harm the devices operating on the system. 

Therefore, understanding the problems 
associated with harmonic distortion, its causes 
and effects, as well as the methods of dealing 
with it, is of great importance in minimizing those 
effects and increasing the overall efficiency of the 
distribution system” [4]. “Therefore it is very 
important to compensate the dominant 
harmonics and thus Total Harmonic Distortion 
(THD) below 5% as specified in IEEE 519 
harmonic standard” [7].  
 
“The passive filtering is the simplest solution to 
eliminate the harmonic distortion and power 
factor improvement in the power system utilities. 
However, passive filter suffer from many 
disadvantages such as tuning problems due to 
tolerance, resonance, fixed compensation 
characteristics for fixed value of L & C and their 
bulky size” [8]. “The Active Power Filter (APF) 
technology has been in use for providing 
compensation for harmonics, reactive power, 
and/or neutral current in ac networks. It has 
evolved in the past quarter century of 
development with varying configurations, control 
strategies, and solid-state devices” [9]. “APF’s 
are also used to eliminate voltage harmonics, to 
regulate terminal voltage, to suppress voltage 
flicker, and to improve voltage balance in three-
phase systems. This wide range of objectives is 
achieved either individually or in combination, 
depending upon the requirements and control 
strategy and configuration which have to be 
selected appropriately” [10]. “Starting in 1971, 
many configurations, such as the active series 
filter, the active shunt filter and the combination 
of the shunt and the series filter have been 
developed and commercialized also for 
uninterruptible power supply (UPS) applications” 
[11]. The shunt active power filter is the simplest 
configuration, as well as the most commonly 
employed owing to its vast application in 
compensation for nonlinear loads, parallel 
injection of the harmonic components of the load 
current,  as well as better compensation of the 
reactive components, and the unbalance 
components at the fundamental frequency [12]. 
In view of the above, the main objective of this 
study is to design and simulate a three-phase 
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shunt active power filter which is a dynamic and 
flexible solution for the mitigation of harmonic 
current due to their compact size, no requirement 
of tuning and stable operation. The study will 
provide valuable support material for industry 
players in improving electric power quality for 
both utility and consumers through mitigation of 
harmonics components in the system power 
signals. 
 

2. MATERIALS AND METHODS 
 

2.1 Materials 
 
The materials that were used in this study 
includes AVO 830 Advanced Multimeter for 
measuring the grid quantities, laptop, and 
MATLAB software Version R2014b for designing 
the SAPF, modelling and simulation, and. 
Secondary data in form of manufacturers’ 
datasheets obtained from Schneider Electric 
website. 
 

2.2 Methods 
 
2.2.1 SAPF simulation method 
 
Primary data was collected over a period of 365 
days, using AVO Digital Multimeter to capture 
system voltage and AC resistive, inductive and 
capacitive (RLC) components, as well as 
transient system parameters for processing and 
analysis. Secondary data in form of 

manufacturers’ datasheets was also obtained 
from Schneider Electric website. Traditional 
calculations; as well as modeling and simulation 
using MATLAB version R2014b were utilized for 
the data analysis. Mathematical/functional blocks 
were developed in Simulink and then 
parameterized using the designed parameters in 
the available Simulink parameter blocks; after 
which the designed models were simulated. 
 
2.2.2 SAPF design method 
 
The design and simulation of the SAPF was 
carried out in MATLAB Version R2014b using 
information on the nature of the load (harmonic 
source), i.e. whether 3-phase or 1-phase; the 
harmonic current extraction method; and the type 
of control scheme. The proposed study was 
carried out using a three phase harmonic source 
using the generalized P-Q current extraction 
method with simple Proportional Integral (PI) 
Controller. The shunt connected VSI based SAF, 
with a self-controlled DC bus (capacitor on the 
DC side) has a topology similar to that of static 
compensator (STATCOM) used for reactive 
power compensation. The SAF injects a 
harmonic signal with the same amplitude as that 
of the load into the ac system but with opposite 
phase displacement enabling it to operates as a 
current source, injecting the harmonic 
component generated by the load but with a 
phase-shifted of 180˚. The block diagram of the 
proposed system is shown in Fig. 1. 

 

 
 

Fig. 1. Block Diagram of the Shunt Active Power Filter 
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2.2.2.1 Harmonic currents extraction method  
 
This current extraction method uses the 
transformation of distorted currents from three 
phase frame abc into bi-phase stationary frame 
αβ. The basic idea is that the harmonic currents 
caused by nonlinear loads in the power system 
can be compensated with other nonlinear 
controlled loads. The p-q theory is based on a 
set of instantaneous powers defined in the time 
domain. The three-phase supply voltages (ua, 
ub, uc) and currents (ia, ib, ic) are transformed 
using the Clarke (or α-β) transformation yielding 
instantaneous active and reactive power 
components. The Clarke transformation for the 
voltage variables as defined by Akagi et al. [13] 
is given by: 
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Similarly, this transform can be applied on the 
distorted load currents to give: 
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Akagi et al. [13] further represented the 
instantaneous active power p(t) as: 
 

                                             (3) 
 
This expression can be given in the stationary 
frame by: 
 

 
                

           
                        (4) 

 
Where, p(t) is the instantaneous active power, Po 

(t) is the instantaneous homo-polar sequence 
power. Similarly the instantaneous reactive 
power as defined by Akagi et al. [13] can be 
given by: 
 

      
 

  
                       

  −     =     −                            (5) 

 
Note: The instantaneous reactive power takes in 
consideration all the current and voltage 
harmonics, whereas the habitual reactive power 

considers just the fundamentals of current and 
voltage. From eqns. 4 and 5 the instantaneous 
active and reactive power can be given in matrix 
form by: 
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Note: Each one of the active and reactive 
instantaneous powers contains a direct 
component which presents the power of the 
fundamentals of current and voltage and an 
alternating component which presents the power 
of the harmonics of currents and voltages. To 
separate the harmonics from the fundamentals of 
the load currents, it is enough to separate the 
direct term of the instantaneous power from the 
alternating one. Here, a Low Pass Filter (LPF) 
with feed-forward effect can be used to 
accomplish this task. Hence, the harmonic 
components of the load currents can be given 
using the inverse of equation (6) as explained by 
Singh et al. [14] as: 
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The APF reference current can be then given by 
equation (8) as follows: 
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The principle of the active and reactive 
instantaneous power is shown in Fig. 2. 
 

2.2.2.2 Voltage source inverter 
 

Because of its lower THD in output signals, the 
3-phase, 2-level voltage source inverter (VSI) is 
adopted for the purpose of this study. It is 
composed of three-legs with current reversible 
switches, realized by controlled switches (GTO 
or IGBT) with anti-parallel diodes to allow the 
flow of the free-wheeling currents as shown in 
Fig. 3. Here, the switches of any leg of the 
inverter (T1 and T4, T2 and T5, T3 and T6) 
cannot be switched ON simultaneously because 
this would result in a short circuit across the dc 
link voltage supply. Similar to this, switching off 
all switches on one leg of the inverter at once will 
cause voltages that rely on the polarity of the 
respective line current, which will lead to 
undefined states in the VSI and undefined ac 
output line voltages.  
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Fig. 2. Principle of Instantaneous Active and Reactive Power Theory [14] 
 

 
 

Fig. 3. The voltage source inverter (3-phase, 2-level topology used) [8] 
 
2.2.2.3 Modeling of the voltage source inverter  
 
The output of the VSI which is shown in Fig. 3 
can take two levels of voltage (+Vdc, - Vdc) 
depending on the dc source voltage and the 
switches states. Actually, the control of the two 
switches on the same leg is complementary: the 
conduction of one of them implies the blocking of 
the other. The SAPF Model showing its 
connection at the Point of Common Coupling 
(PCC) is shown in Fig.4, where the voltages of 
the points A, B, and C to the imaginary point M 
can be given by: 
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The simplified voltages of the VSI can then be 
given by: 
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The eight valid switch states are given in Table 1 
as follows: 

Table 1. Valid Switch States for the VSI 
 

State  Sa Sb Sc Vfa Vfb Vfc α+jβ  

0  0  0  0  0  0  0  0+j0  
1  1  0  0  2/3  -1/3  -1/3  0,8+j0  
2  0  1  0  -1/3  2/3  -1/3  -0.4+j0.7  
3  1  1  0  1/3  1/3  -2/3  0.4+j0.7  
4  0  0  1  -1/3  -1/3  2/3  -0.4-j0.7  
5  1  0  1  1/3  -2/3  1/3  0.4-j0.7  
6  0  1  1  -2/3  1/3  1/3  -0.81+j0  
7  1  1  1  0  0  0  0+j0  
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Fig. 4. The SAPF Model showing the Point of Common Coupling (PCC) [8] 
 

The VSI control technique based on the 
Sinusoidal Pulse Width Modulation (SPWM) is 
adopted in this study owing to its ability to 
stabilize its switching frequency. It uses a fixed 
switching frequency of 20 kHz, which makes it 
easier to cancel the switching harmonics. SPWM 
determines the voltage reference of the inverter 
from the error between the measured current and 
its reference. This reference voltage is then 
compared with a triangular carrier signal (with 
high switching frequency). 

 
2.2.2.4 Modeling of the active power filter  

 
The connection of the shunt active power filter to 
the point of common coupling of the grid is done 
mostly by the means of a RL low pass filter as 
shown in Fig. 4. The voltage equation for each 
phase as reported by Chauhan et al. [15] can be 
given by: 
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The three phase equations are then given by: 
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And for the dc side; Chauhan et al. [15] defined 
this as: 

 

   
    

  
                          (13) 

 
The equation system defining the SAPF in the 
three phase frame is then given by: 
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2.2.2.5 Sinusoidal Pulse Width Modulation 

(SPWM) control 
 
PWM can be implemented using a variety of 
methods, including space vector PWM, PWM 
with harmonics minimization, and carrier-based 
PWM. Natural PWM, symmetric PWM, and 
asymmetric PWM are all possible for the carrier 
PWM. A controller is used, which determines the 
voltage reference of the inverter from the error 
between the measured current and its reference. 
This reference voltage is then compared with a 
triangular carrier signal (with high switching 
frequency). The output of this comparison gives 
the switching function of the VSI as shown in Fig. 
5. The choice of the ratio between the frequency 
of the reference signal and that of the carrier 
signal is very important in case of symmetrical 
and periodic reference. In the case of sinusoidal 
reference, the ratio between the two frequencies 
must be an integer in order to synchronize the 
carrier signal with the reference signal. In both 
situations, it must be high enough to ensure 
quick switching and reduce switching harmonics 
in the inverter's fundamental output. In order to 
preserve the reference symmetry, it is also ideal 
for the carrier frequency to be odd.  
 

2.2.2.6 Control method of the active power filter  
 

The indirect control method of SAPF was 
adopted in this study owing to its less 
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complicated, but highly effective control algorithm 
and fewer sensors are needed than in the direct 
control method. The method is based on the 
measurement of the source currents, and then 
imposing the sinusoidal form on these currents. 
Fig.6 shows the indirect control method of the 
SAPF. Here, the objective is in the control of the 
grid currents without looking at the filter currents. 
Sinusoidal current reference for the grid is 
generated using appropriate method 
(Instantaneous P-Q Theory). These currents are 
then compared with the measured grid currents. 
The error is fed to a hysteresis current controller 
which generates the pulses to control the 
switches of the SAPF. The P-Q theory offers very 
effective and flexible alternative for 
compensation of frequency and reactive power, 
which are the most prevalent power quality 
issues in the modeled (Nigerian) grid system, 
hence its adoption in this study. The indirect 
control method of the SAPF is shown in Fig. 6. 
 

2.2.2.7 Grid current generation method using 
PQ theory based algorithm  

 
Unlike the direct method; which uses both 
instantaneous active and reactive powers when 
adopting the P-Q Theory-based algorithm, the 
indirect method uses just the instantaneous 
active power, as such, the alternative 
components of the instantaneous active power 
are eliminated. The direct components are then 
used to generate grid currents. The reactive 
power is imposed to be zero to allow the 
compensation of the current harmonics and the 
reactive power at the same time. In three phase 
system without neutral, the simple voltages of the 
PCC   ,    ,   and the load currents    ,    , 
   are given in the stationary frame reference by: 
 

 
    
    

  
  

 
 
  

 

 
 

 

 

 
  

 
 

  

 

  

    
    
    

         (15) 

 
 

Fig. 5. The Sinusoidal PWM Control Method for the VSI [14] 
 

 
 

Fig. 6. Indirect control of SAPF based on the instantaneous power theory [14] 
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Neglecting the voltage harmonics, the 
instantaneous active power is given by: 
 

                                       (17) 

 
This active power can be decomposed into two 
components, the first direct representing the 
power of the fundamentals of the voltage and 
current. The second component is alternative 
due to the harmonics of the current and voltage. 
 

                                             (18) 
 
The reference power on the source side is given 
by: 
 

  
         

                      (19) 
 
Where:    

 is the amount of power used to 
compensate the losses in the filter and to keep 
its voltage constant. This term is generated using 
the direct voltage controller. The direct 
component of the active power can be extracted 
using low pass filter of the second or third order 
to filter the instantaneous active power. The 
reference currents of the grid are then given by: 
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The reference currents in the three phase frame 
are then given by: 
 

 

   
 

   
 

   
 
  

  

 

 
 
 
 
  

 
 

 

  

 

 
 

 
 

  

  
 
 
 

 
    
    
          (22) 

 
2.2.2.8 Design of PI controller for the indirect 

control method  
 
As suggested by Balasubramania and Palani 
[16], the input of the PI controller is the error 
between the stored energy in the capacitor and 
its reference value. Its output represents the 
reference power of the three-phase system at the 
PCC defined by:  
 

  
  

               

 
                     (23) 

The reference power of the filter represents the 
difference between the grid reference power and 
the load power, supposing that the filter is able to 
produce its reference power in each period. This 
power   

  represents the transmitted power from 

the source to the filter, neglecting the losses of 
the filter and the coupling inductance. The 
integral of the filter power gives the energy 
stored in the condenser. Fig. 7 shows the 
diagram of the voltage regulation. 
 

 
 

Fig. 7. DC Voltage Closed Loop Control 
 

From Fig. 7, the stored energy of the condenser 
can be defined as: 
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By substituting Equation 24 in 25, we get: 
 

     
      

        
    
  

 

        
                     (26) 

 

where     is the transfer function of the PI 
controller defined by: 
 

             
     

 
        (27) 

 

By substituting the transfer function equation 27 
in equation 26, the closed loop transfer function 
of the system can be given by: 
 

    
            

               
    
  

 

               
          (28) 

 

Comparing this transfer function with the canonic 
form of a second order transfer function we find: 
 

 
            

          
 

           (29) 

 

where optimum value of ξ = 0.707 is the damping 
factor. The cut-off frequency fc = 8 Hz was 
chosen. 
 
2.2.2.9 Design parameters of shunt active filter 
 
As mentioned earlier, a three-leg voltage source 
converter (VSC) is used to model the active filter 



 
 
 
 

Yusuf et al.; AJR2P, 6(3): 7-24, 2022; Article no.AJR2P.92791 
 

 

 
15 

 

and it has six insulated-gate bipolar transistors 
(IGBTs), three interface inductors, and one dc 
capacitor. The line to line voltage (    ) of the 
VSC is considered as 415V. The AC inductor 
and the DC capacitor selection are described as 
follows. 
 
DC Capacitor Voltage: The minimum dc bus 
voltage should be greater than twice the peak 
value of the system phase voltage given as: 
 

    
       

     
          (30) 

 
Where, m is the modulation index and is 
considered as 1.  
 
DC Bus Capacitor: The value of dc capacitor 

(    ) depends on the instantaneous energy 
available to the active filter during transients. 
Using the principle of energy conservation, we 
have: 
 

 

 
        

        
                   (31) 

 
Where,     is the reference dc voltage and      is 
the minimum voltage level of dc bus, ‘a’ is the 
overloading factor, V is the phase voltage, I is the 
phase current and ‘t’ is time taken for the dc bus 
voltage to be recovered.  
 
AC Inductor: The selection of the ac inductance 

(  ) depends on the current ripple            , 

switching frequency  , dc bus voltage (   ) and 
the overloading factor given as: 
 

   
        

             
          (32) 

 
Where ‘m’ is the modulation index; and ‘a’ is the 
overload factor.  
 
2.2.2.10 Measurement of total harmonic 

distortion 
 
The Total Harmonic Distortion (THD) of the 
system was determined using the obtained rms 
values of the voltages and currents at the given 
fundamental frequency as well as those voltages 
and currents measured at all of the selected 
harmonic levels (3

rd
, 5

th
, 7

th
 and 9

th
 harmonics). 

The SAF was used to split the signal into two 
parts: a signal with all of the harmonics filtered 
out leaving just the fundamental frequency, and a 
signal with the fundamental frequency filtered out 
leaving all of the harmonics. Then the rms value 
of each of those two parts was measured; the 

following the works of Aher et al. [10], the THD 
was calculated as follows: 
 

    
        

  
   

         
              (33) 

 

3. RESULTS 
 

3.1 Data Specifications 
 

The measured system parameters used in 
modeling the SAPF are presented in Table 2. 
The simulated system is a three phase balanced 
and non-balanced voltage system, which is 
represented by a voltage source inverter with the 
non-linear load modeled as a three phase non 
controlled bridge rectifier. 
 

The data in Table 2 are tabulated from two 
different collections; namely the SAPF 
parameters obtained from the manufactures’ 
datasheet information and the system 
parameters measured using the advanced digital 
AVO meter. The first six (6) parameters were 
measured from the grid supply using the 
advanced digital AVO. The next four parameters 
were obtained from the SAPF datasheet 
information from the manufacturers’ (Schneider 
Electric) website; while the last four (4) 
parameters represent the synthetic loads 
imposed on the SAPF in order to study its 
dynamic response. 
 

3.2 Design and Modeling of the System 
 

The system model was built in MATLAB/Simulink 
and the simulation results of the performance of 
SAPF in the compensation of system harmonics 
in the three phase unbalanced grid are 
presented. A linear inductive load is connected in 
parallel with the non-linear load. The analytical 
behavior of Shunt Active Filter with the three-
phase source and shunt active power filter were 
connected in parallel to the distribution linear and 
non-linear load. 
 

3.2.1 DC voltage source and regulator control 
 

The DC source for the VSI is a simulated 3-
phase source whose signal is provided through 
DC voltage regulation using a dc link capacitor. 
3-phase model is also developed within the 
MATLAB environment as shown in Fig. 8.In the 
simple PI control scheme, the peak value of the 
reference grid current I*peak is determined by 
the DC voltage regulator. The unit vectors of 
voltage at the PCC are simply multiplied by the 
peak value of the grid current to produce the 
reference currents for the grid.  
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Table 2. Designed parameters of the system 
 

Symbol  Quantity  Value  

   Ideal grid voltage L-L  415V  

f  Grid frequency  50Hz  
   Grid resistance  3mΩ  

   Grid inductance  2.6μH  

   AC load resistance  10mΩ  

   AC load inductance  0.3mH  

   Filter resistor  20mΩ  

   Filter inductance  0.2mH  

    APF DC capacitor  5 mF  

    DC link capacitor  900 V  

       DC Load Resistance  7.5Ω  

 DC Load Inductance 2mH  

 

 
 

Fig. 8. Voltage Source Inverter showing the 3-Phase Source 
 
3.2.2 Control of DC voltage of the DC link 

capacitor       
 
The DC voltage around the capacitor of the VSI 
must be kept constant. The cause of its variation 
is the power exchange between the grid and the 
capacitor. The variations of this voltage must be 
small in order not to exceed the voltage limits of 
the semi-conductors and also not to affect the 

performance of the filter. To ensure the 
regulation of the dc capacitor voltage, a PI 
controller is used as illustrated in Fig. 9. 
 
3.2.3 PI controller  
 
The PI controller consist of a proportional term 
and an integral term. Proportional value 
determines the reaction to the current error; the 
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Integral determines the reaction based on the 
sum of recent errors. The reference currents for 
the control of active filter are generated 
according to equation (1). The output of the PI 
controller at the DC bus voltage of active filter is 
considered as the current (     ) in order to meet 
its losses (Fig. 9). 
 
3.2.4 Voltage source inverter switching 
 
The switching technique employed for the VSI 
control was the sinusoidal PWM. A PI controller 
was used to determine the voltage reference of 
the inverter from the error between the measured 
current and its reference. This reference voltage 
was then compared with a triangular carrier 
signal (with high frequency defining the switching 
frequency). This is illustrated by Fig. 10. The 
output of this comparison provided the switching 
function of the VSI. 
 
3.2.5 The complete model 
 
The simulated system is a three phase balanced 
and non-balanced voltage system; and the non-
linear load used in this work was modeled by a 
three phase non controlled bridge rectifier. The 
circuit simulated a typical shunt APF with an AC 
side IGBT inverter, series inductor, and DC 
capacitor energization. Two diode rectifiers with 
a 30 degree phase shift make up the load. The 
load is changed from 6-pulse to 12-pulse after 10 
cycles by connecting the Delta-Y connected 
rectifier. To create a reference sinusoidal source 
current that is in phase and has the same RMS 

gain as the load current, the SAPF employs a PI 
control system. The current error between the 
load current and the reference current is 
generated by the IGBT Bridge through hysteresis 
switching. The SAPF was used to inject this 
current error at the point of common coupling 
(PCC) in order to match the source current as 
closely as possible with the reference current. 
The complete Simulink model of the system is 
shown in Fig. 11. 
 

3.3 System Simulation Results 
 
In this study MATLAB/SIMULINK is used to 
implement the designed SAPF under different 
load conditions. Mainly, there were two 
simulations; in the first simulation the system had 
a non-linear load without the SAPF connected, 
while in the second simulation, the system was 
connected to the SAPF. The first simulation 
diagram is as shown in Fig. 12. A three-phase 
supply feeding a non-linear load with R-L 
parameters along with 3-phase, 2-level VSI was 
considered for simulation. The                                  
values of simulation parameters are given in 
Table 2. 
 

The second simulation setup was used to 
investigate the working of the SAPF; it was 
connected under different conditions of suddenly 
connected R-L load of 60Ω, 50mH and 
unbalanced R-L load of 5Ω, 10Ω, 15Ω on each 
phase respectively as shown in Fig. 13. The 
comparator signal (in PI controller) was used to 
activate the VSI power switching. 

 

 
 

Fig. 9. The PI Controller for the Reference Current generation and Control 
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Fig. 10. Voltage source inverter switching 
 

 
 

Fig. 11. Complete model of the system 
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Fig. 12. First Simulation output with a non-linear load without the SAPF connected 
 

 
 

Fig. 13. Second Simulation output with different loads with the SAPF connected 
 

3.4 Performance Analysis 
 
3.4.1 Distorted unbalanced system voltages 

before application of SAPF 

 
The parameters of the unbalanced system with 
the three phase distorted voltages are measured 
and presented. The unbalanced fundamental 
voltages at 50Hz along with some different 
amounts of 3rd, 5th, 7th, and 9th harmonics 
which affects the voltage phases ‘a’, ‘b’ and ‘c’ 
are recorded and present in Table 3. The total 

harmonic distortion (THD) in each phase was 
calculated using equation (33) as follows: 
 

           
               

   
        

           
                   

   
        

           
                   

   
        

 

Therefore the THD in the voltage in phase ‘a’ is 
12.6%, while that in phase ‘b’ is 11.4%, and that 
in phase ‘c’ is 11.2%. 
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Table 3. Distorted unbalanced system voltages before application of SAPF 
 

Harmonic Level Fundamental  3
rd

 5
th

 7
th

 9
th

  

Frequency (Hz)  50  150  250  350  450  THD%  
Phase a (rms)  226  21.0  14.0 12 5 12.6  
Phase b (rms)  240  17.6 15.5 12 7 11.4  
Phase c (rms)  233  19.5 12.7 10 9 11.2  

 
3.4.2 Filtered unbalanced system voltages 

after application of SAPF 

 
The three phase grid voltages after the 
application of SAPF with P-Q control theory are 
measured and presented. The voltages for the 
phases ‘a’, ‘b’ and ‘c’ at the fundamental 
frequency (50Hz), alongside the voltages 
corresponding to the 3

rd
, 5

th
, 7

th
 and 9

th
 harmonic 

levels are recorded and presented in Table 4. 
The total harmonic distortion (THD) in each 
phase is calculated using equation (33) as 
follows: 

 

           
                  

   
       

           
                    

   
       

           
                    

   
       

 
Therefore the THD in the voltage in phase ‘a’ is 
2.2%, while that in phase ‘b’ is 2.5%, and in 
phase ‘c’ is 2.5%.It can now be seen that the 
phase voltages are approximately balanced, 
owing to the reactive compensation offered by 
the P-Q control. 

 
3.4.3 Grid currents before application of 

SAPF 

 
The three phase load currents in the unbalanced 
system before harmonic compensation are 
measured and presented. The currents in the 
phases ‘a’, ‘b’ and ‘c’ at the fundamental 
frequency (50Hz), alongside the currents 
corresponding to the 3

rd
, 5

th
, 7

th
 and 9

th
 harmonic 

levels are recorded and presented in Table 5. 
The total harmonic distortion (THD) in each 
phase current is calculated using equation (33) 
as follows: 

 

             
                     

    
       

             
                     

    
       

             
                     

  
       

 
Therefore the THD in the current in phase ‘a’ is 
27.2%, while that in phase ‘b’ is 30.9%, and that 
in phase ‘c’ is 31.0%. It can now be seen that the 
phase voltages are unbalanced, owing to the 
effects of harmonic components present in the 
current signals. 
 

3.4.4 Grid currents after application of SAPF 
 

The three phase load currents in the system after 
harmonic compensation are measured and 
presented. The currents in the phases ‘a’, ‘b’ and 
‘c’ at the fundamental frequency (50Hz), and the 
currents corresponding to the 3

rd
, 5

th
, 7

th
 and 9

th
 

harmonic levels are recorded and presented in 
Table 6. The total harmonic distortion (THD) in 
each phase current is calculated using equation 
(33) as follows: 
 

             
                       

    
        

             
                       

     
        

             
                      

     
        

 

Therefore the THD in the current in phase ‘a’ is 
2.2%, while that in phase ‘b’ is 2.2%, and in 
phase ‘c’ is 2.1%. 
 

Fig. 14(a) illustrates the distortion in the three-
phase grid voltage signals with irregular phase 
displacements. The THD levels of the signals are 
between 11.2% and 12.5%. The DC voltage 
converges perfectly to its reference as shown in 
Fig. 14(b). The DC voltage of the SAPF 
demonstrates the PI voltage controller's 
efficiency in controlling the capacitor voltage. The 
capacitor voltage clearly follows its defined 
reference, with fluctuation dependent on power 
exchange between the grid and the SAPF. The 
steady-state voltage fluctuation was always less 
than 0.4% of the reference voltage. The filtered 
unbalanced system voltages after application of 
SAPF is shown in Fig. 15. 
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Table 4. Filtered Unbalanced System Voltages after Application of SAPF 
 

Harmonic Level Fundamental  3
rd

 5
th

 7
th

 9
th

  

Frequency (Hz)  50  150  250  350  450  THD%  
Phase A (rms)  238  3.0 2.8 2.6 2.2 2.2 
Phase B (rms)  240  4.1 3.5 2.1 1.9 2.5 
Phase C (rms)  239 3.9 3.5 2.4 1.2 2.5 

 
Table 5. Grid Currents before Application of SAPF 

 

Harmonic Level Fundamental  3
rd

 5
th

 7
th

 9
th

  

Frequency (Hz)  50  150  250  350  450  THD%  
Phase a (rms)  63.5  14.3 8.5 3.1 3.3 27.2 
Phase b (rms)  47.1  10.9 6.6 5.1 4.9 30.9 
Phase c (rms)  63.0  10.9 9.8 9.2 9.1 31.0 

 
Table 6. Grid Currents after Application of SAPF 

 

Harmonic Level Fundamental  3
rd

 5
th

 7
th

 9
th

  

Frequency (Hz)  50  150  250  350  450  THD%  
Phase a (rms)  62.80 0.80 0.74 0.65 0.46 2.2 
Phase b (rms)  62.15  0.90 0.71 0.61 0.45 2.2 
Phase c (rms)  62.65  0.80 0.70 0.57 0.45 2.1 

 

  
a) Distorted grid voltages without SAPF b) DC link simulation with PI controller 

 
Fig. 14. Distorted grid voltages without SAPF and dc link simulation with PI controller 

 

 
 

Fig. 15. Filtered unbalanced system voltages after application of SAPF 
 
From Fig. 15, it can be seen that the THD was 
decreased to values varying between 2.24% for 
best case; and 2.54% for the worst case, while 
the use of P-Q Theory-based PI controller in the 
alpha-beta reference frame has consolidated the 
performance of the SAPF with the grid voltage 
waveforms rendered perfectly sinusoidal; and 
with regular 120˚ phase intervals within one 
another. Fig. 16(a) shows the grid currents 

before the application of the filter; with noticeable 
distortions attributable to the harmonic 
components present. The THD values range 
between 27.11% and 31.04%, exceeding the 
acceptable limits of 5%.Fig. 16(b) illustrates the 
compensated grid currents after the application 
of the filter. The currents are characterized by 
near-perfect sinusoidal wave forms with even 
phase shifts of 120˚ between phases. 
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a) Grid currents without SAPF b) Grid currents with SAPF 
 

Fig. 16. Grid currents before and after application of SAPF 
 

4. DISCUSSION 
 

A shunt active power filter was designed and 
simulated in MATLAB using different load 
conditions; unbalanced grid voltages and 
unbalanced grid currents. The use of shunt 
active filter significantly improved the efficiency of 
the system harmonic compensation by reducing 
the overall total harmonic distortion (THD) of the 
system. The total harmonic distortion (THD) in 
the unbalanced system voltages before the 
application of SAPF was found to be 12.6%, 
11.4% and 11.2% for phases a, b and c 
respectively, while after the application of SAPF, 
the THD was 2.2%, 2.5% and 2.5% for the same 
respective phase voltages. The grid currents 
indicated THD of 27.2%, 30.9% and 31% for 
phase currents a, b and c respectively before 
application of SAPF, whereas reduced to 2.2%, 
2.2% and 2.1% after the application of SAPF. 
 

In electric power systems, lower THD implies 
lower peak currents, less heating, lower 
electromagnetic emissions, and less core loss in 
motors, and lower intermittence in supplied input 
to grid-sensitive equipment. Because managing 
harmonics in a power system is considered a 
joint responsibility involving both end-users and 
utility owners or operators, harmonic limits are 
recommended for both voltages and 
currents. IEEE Standard 519-2014 
recommended voltage and current distortion 
limits of less than 5% of the system total 
harmonic distortion (THD) for power systems 
operating on distribution voltage levels between 
120V to 69,000V at 50Hz fundamental 
frequency. It can be seen therefore that the 
compensated values for both the system 
voltages and the grid currents are well within the 
IEEE Standard 519-2014 recommended limits. 
 

These findings is similar to the findings of 
Agrawal et al. [17] who carried out Performance 
Analysis of Shunt Active Power Filter Based on 
Proportional Integral Derivative Acceleration 

(PIDA) Controller using P-Q control theory; and 
obtained an upper harmonic limit of 2.33%.Also, 
the findings of the current study are similar to the 
findings of Soomro et al. [18] who carried out 
design and application of three-phase shunt 
active power filter (SAPF) using P-Q theory; and 
obtained a THD limit of 2.54%. However, the 
findings of this study are not in line with the 
findings of Agarwal et al. [9], who in their study 
on the Performance Analysis of Shunt Active 
Power Filter Based on gravitational search 
algorithm (GSA) Tuned PI Controller; obtained a 
THD of 3.13%. The difference in results could be 
attributed to the difference in the current 
extraction methods used by both studies, even 
though both employed Proportional Integral (PI) 
DC link voltage control. While the current study 
employed P-Q theory current extraction method, 
Agarwal et al. [9] used Gravitational Search 
Algorithm (GSA) current extraction method. Also, 
findings of this studies differs from the results 
obtained by Khalid [19] who carried out the 
performance evaluation of an optimized shunt 
active power filter using Adaptive Tabu 
Search (ATS) algorithm and Genetic 
Algorithm (GA) based on artificial neural 
networks (ANN); and got a THD of 3.91%.  The 
difference in results could also be attributed to 
the difference in the reference current extraction 
methods used in both studies. The findings are 
also not in line those obtained by Thentral et al. 
[20], who analyzed the Performance of Shunt 
Active Filter; and obtained a THD of 3.54%, 
using Synchronous Reference Frame (SRF) 
algorithm for the reference current extraction. 
Evidently, the difference in the methods used for 
reference current extraction in the two studies 
account for the dissimilarity in their findings. 
 
Even though findings from the studies of Agarwal 
et al. [9], Khalid [19] and Thentral et al. [20], were 
well within the IEEE Standard 519-2014 and 519-
1992 recommended limits for system THD, the 
use of P-Q theory current extraction method with 
Proportional Integral (PI) DC link voltage Control 
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have proved to be a better method for the 
mitigation of Total Harmonic Distortion. 
 

5. CONCLUSION 
 
This study carried out the performance analysis 
of a Shunt Active Power Filter for suppressing 
power system harmonics, reactive power 
compensation and load balancing using PI 
Controller. The operating principles of the Shunt 
AF were presented, including the modelling of 
the system state equations, description of 
different parts of the model used and the DC link 
voltage control. The DC bus voltage has been 
maintained constant equal to the reference 
voltage by the PI controller. With the combination 
of different control levels involved, and the non-
complex nature of the modelled grid, the choice 
of the PI Controller is a trade-off between cost 
and efficacy. The traded efficacy is just a little 
over 10% compared to over 50% cost 
differences. Comparative analysis of THD values 
showed that the system performed well within the 
stated objectives of harmonic reduction. A 
comparative analysis of the Root Mean Square 
(RMS) values and THD of the source voltages 
and currents of the Load were carried out. The 
source and load THD is reduced below IEEE 
standard 519-2014 recommended limits of 5% 
with the PI controller. After compensation both 
source and load voltages and currents were in 
phase with each other implying that the 
harmonics were eliminated and reactive power 
was effectively compensated to make power 
factor close to unity. In addition, the source and 
load voltages and currents were near-perfect 
sinusoidal after compensation indicating that 
power quality has been significantly improved. 
This system is versatile with applications in 
thyristor-controlled AC voltage regulators, 
variable speed drives, electric arc furnaces, and 
arc welders. 
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