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Abstract 

Power quality improvement faces different and significant problems due to voltage instability and 
the wide use of electronic power devices. To overcome these different power quality problems, an active 
power filter is used. The active power filter, in general, has 4 main categories- shunt, series, unified 
power quality conditioner, and hybrid active power filter. The shunt active power filter is usually used to 
mitigate source current harmonics and compensate reactive power for power factor correction. The series 
active power filter is usually used to mitigate voltage problems (sags, swells, transients, dips, distortions, 
harmonics, etc.). The unified power quality conditioner is a combination of the shunt active power filter 
and the series active power filter; it is used to mitigate all voltage and current problems, compensate 
voltage, current system harmonics, and reactive power compensation, and mitigate voltage dips, voltage 
sags, voltage swells, and voltage phase shift. In this paper, the 3-phase 3-wire unified power quality 
conditioner is utilized to mitigate all power system problems (voltages and currents) and discuss the effect 
of the shunt and series active power filter separately on source voltage and source current waveforms. 
This case study shows that the source voltage distortion can be mitigated by using the series active power 
filter alone, but the source current distortion cannot be mitigated without using both the series and shunt 
active power filter. The source current harmonic problem mainly exists due to 1) distorted voltage 
sources, and 2) non-linear loads. Therefore, the unified power quality conditioner must be used to 
mitigate source current distortions in the case of the distorted voltage source, to comply with the standard 
limits IEEE 519, IEC 555, and IEC 61000. 
Keywords: Series active power filter, Shunt active power filter, Unified power quality conditioner, 
Current harmonics, Voltage harmonics, Matlab/Simulink 
 
 
Introduction 

Power quality is a trending and highly important issue in electrical power systems. Power quality, in 
simple words, means the voltage quality generated and supplied to the entirety of an electrical power 
system [1-7]. It determines the fitness and health of the electrical power system. The main reasons for 
poor power quality are distortions in voltage and current waveforms. Distortion in voltage and current 
occurs because of voltage source problems (mains) and load problems (non-linear and unbalanced loads) 
[8]. The active power filter is one of the most effective solutions to overcome all power quality problems 
[9-16]. By using different categories of active power filters, the power quality improves, and customers 
will get pure sinusoidal voltage at the point of common coupling. Each category of active power filter 
mitigates specific power quality problems. The shunt active power filter, SHAPF, is usually used to 
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mitigate load problems such as source current harmonics due to non-linear and the unbalanced load, 
power factor improvement, reactive power compensation, and voltage instability on the load side [17-22]. 
The series active power filter, SEAPF, is usually used to mitigate grid or mains problems, such as voltage 
sags, voltage swells, voltage dips, voltage unbalances, voltage interruptions, voltage phase shift, and 
voltage harmonics [23-37]. The unified power quality conditioner, UPQC, is utilized to solve all of the 
previous problems; this is called a universal active power filter and consists of a combination of shunt and 
series active power filters [38,39]. The hybrid active power filter is a combination of passive and active 
power filters and is used for high power applications [40-46]. As mentioned above, only the UPQC can 
mitigate all power quality problems. In this paper, a 3-phase 3-wire UPQC is used to mitigate all power 
quality problems and discuss the effect of SEAPF on source voltage and source current, and the effect of 
SHAPF on source voltage and source current. The system under study consists of a 3-phase distorted 
unbalanced voltage source supplying a non-linear balanced load. Source current harmonic component 
distortion will appear because of a distorted voltage source and non-linear loads. When applying SEAPF, 
the source voltage distortion is mitigated to match the standard limits, and the source current distortion is 
reduced but is still out of the standard limits. When applying SHAPF beside SEAPF, the source current 
distortion is mitigated to match the standard limits. The SEAPF is controlled to maintain voltage 
regulation and to eliminate supply voltage harmonics at the point of common coupling. The SHAPF is 
controlled to reduce the supply harmonic current, reactive power compensation, and load balancing.  

The design and modeling of UPQC (SEAPF and SHAPF) for compensation of system harmonics 
and voltage controllers are discussed [47,48]. 
 
Materials and methods 

System Architecture  
Series active power filter 
The SEAPF is applied to act as a controlled voltage source. It reduces the terminal harmonic 

voltages, mitigates voltage dips, voltage sags, voltage harmonics, phase shift, and voltage swells, and 
supplies loads with a high-quality voltage waveform. The high impedance imposed by the SEAPF is 
created by generating a voltage of the same frequency to mitigate harmonic voltage distortion. Voltage 
unbalance is eliminated by compensating negative and 0 sequence voltage components of the system [49]. 
The operation principle, control strategy, and Matlab/Simulink results of the SEAPF are presented.      
Figure 1 shows the single line diagram of the 3-phase 3-wire SEAPF. 
 

 

 
 
Figure 1 Single line diagram of 3-phase 3-wire SEAPF. 
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The compensation characteristics of the SEAPF are mainly defined by the algorithm used to 
generate the reference signals required by the control system. These reference signals must allow current 
and voltage compensation with minimum time delay. The accuracy of the information contained in the 
reference signals must allow the elimination of the current harmonic and voltage unbalances present in 
the power system. Since the voltage and current control scheme are independent, the equations used to 
calculate the voltage reference signals are the following [50]: 
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where a = 1∠−120. All voltage related problems present in supply voltages are mitigated by controlling 
the SEAPF. The voltages va, vb, and vc correspond to the phase voltages before the series transformer. 
The reference voltage signals are obtained by making the positive sequence component va1, equal 0, and 
then applying the inverse of the Fortescue transformation. In this way, the SEAPF compensates voltage 
unbalance. The reference signals for the voltage unbalance control scheme are obtained by applying the 
following equation: 
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where va0 is the 0 sequence components of voltage, and va2 is the voltage negative sequence component 
[51]. 

The value of Rseries and Cseries of the SEAPF is as follows: 
 
Rseries . Cseries = Ts/10.                                                                                                                            (3) 
 
where Rseries is the filter resistance, Cseries is the filter capacitance, and Ts is the switching time [49]. 
 

Shunt active power filter 
The 3-phase 3-wire SHAPF based on the dc capacitor is shown in Figure 2. The SHAPF is a 3-

phase voltage source inverter (VSI) with a capacitor on the dc link. The SHAPF inverter is connected to 
the PCC through an interface coupling inductor. The SHAPF acts as a controlled current source 
delivering the load harmonic currents to the PCC. Consequently, the current absorbed from the grid at the 
PCC will be a pure sinusoidal waveform. A 3-phase insulated-gate bipolar transistor (IGBT) is used as 
voltage source inverter for harmonic elimination and power quality improvement. 

This paper uses the p-q theory as a control method for SHAPF [52]. It is based on instantaneous 
values of 3-phase source voltage and 3-phase load current to obtain the active and reactive power required 
to be compensated. Two instantaneous powers are needed to be defined; the first is active power (p), and 
the second is reactive power (q). 
 
 



Unified Power Quality Conditioner on Voltage and Current Waveforms Muhammad Ossama MAHMOUD et at. 
http://wjst.wu.ac.th 

Walailak J Sci & Tech 2021; 18(11): 10223 
 
4 of 15 

 
Figure 2 Configuration of 3-phase 3-wire SHAPF. 

 
 

The calculations of these instantaneous power components are as follow: 
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The VSI is utilized to inject the compensating current into the grid. The gate pulses of the VSI are 

controlled due to the compensating currents from the SHAPF. Hysteresis current controller technique is 
used to control the VSI through the pulse width modulation to make the output current of the inverter 
track the reference current; the hysteresis current controller depends on 2 signals, the reference current 
signal and the output inverter current signal. The control circuit of the SHAPF produces the reference 
current, which is compared with the output inverter current. When the output inverter current increases 
out of the designed limits of the hysteresis band controller, the hysteresis band controller switches will be 
turned off and on [53]. 

The SHAPF parameters can be determined as follow: 
 
Interfacing inductor   𝐿𝑆𝐻 = 𝑉𝑃𝐶𝐶

𝜔𝐻𝑆𝐻
𝑉𝑆𝐻.                                                                                                       (7) 

 
where VPCC is voltage at the point of common coupling, VSH  is VSI output voltage, and HSH  is a hysteresis 
band of the SHAPF. 
 
DC link capacitor 𝐶𝑑𝑐 =  𝑆.𝑛.𝑇

2𝑧𝑉𝑑𝑐
23.                                                                                                                   (8) 

 
where S is the required power to be compensated, T is the required time period for 1 complete cycle, n is 
the number of cycles for energy transfer, and z is the percentage of Vdc. 
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𝑉𝑑𝑐 >  √3 .𝑉𝑃𝐶𝐶−𝑚𝑎𝑥 .                                                                                                                                 (9) 
 

The above parameters are the SHAPF design parameters [54]. 
 

Matlab/Simulink model 
Figure 3 displays the Matlab/Simulink model for the system under study [55,56], which consists of 

a 3-phase distorted voltage source (5th and 7th harmonic orders are included, voltage sag, and voltage 
swell), a 3-phase RL non-linear load, a 3-Phase 3-wire SEAPF, a 3-phase 3-wire SHAPF connected to the 
system at the point of common coupling through a 3-phase circuit breaker, and measuring devices, as 
shown in Figure 3. The system components are listed in Table 1. 
 
 
Table 1 System parameters. 

Component Parameter Value 

Voltage Source 

Voltage (line to line) rms 380 V 
Frequency 50 Hz 
Connection Y neutral grounded 

Harmonics Order (n),  Amplitude (pu) 
Phase (degrees),  Seq (0, 1 or 2) 

5    0.2    0    2 
7    0.05   0    1 

Load 3 phase R 15 Ω 
3 phase L 10 mH 

SEAPF 
Inverter DC  voltage VDC = 700 V 

Series Resistance Rseries = 1 Ω 
Series Capacitance Cseries = 100 µF 

SHAPF 
Inverter DC reference voltage VDC* = 1200 

CDC Capacitor Cf = 4700 µF 
Coupling Inductor Lf = 2 mH 

 
 

Figures 4 and 5 show the components of the SEAPF and SHAPF, respectively. 
 
 

 
Figure 3 System Simulink model of power supply, UPQC, and nonlinear load. 
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The simulation model shows the effect of the SEAPF and SHAPF on source voltage and source 
current waveforms. The overall simulation time is 0.25 s. The simulation starts at 0 s with voltage 
amplitude value = 1 p.u, and at t = 0.05 s, the voltage sag value = 0.5 p.u, and at t = 0.1 s, the voltage 
amplitude value = 1 p.u, and at t = 0.15 s, the voltage swell value = 1.5 p.u, and at t = 0.2 s, the voltage 
amplitude value = 1 p.u.  

Fifth and seventh voltage harmonic orders are generated throughout the simulation time.  
 
 

 
Figure 4 Simulink model of the SEAPF. 
 
 

 
Figure 5 Simulink model of the SHAPF. 
 
 
Results and discussion 

3 case studies are presented to show the waveforms of source voltage and source current before and 
after connecting the SEAPF and SHAPF. Comparing these 3 cases show the effects of the SEAPF and 
SHAPF on mitigating the voltage and current problems, and on power quality improvement. 
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Without connecting UPQC (SEAPF & SHAPF) 
In the first case study, the whole power system simulation model is run without connecting the 

UPQC. Figures 6 - 8 show distorted source voltage vs. distorted source current waveform, FFT analysis 
of source voltage, and FFT analysis of source current, respectively. 
 

 
Figure 6 Source voltage vs. source current before connecting UPQC. 

 
 

 
Figure 7 FFT analysis of distorted source voltage. 
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Figure 8 FFT analysis of distorted source current. 

 
 

 As shown in Figures 6 - 8, there is a great distortion in source voltage and source current. The 
source voltage is distorted because of sags, swells, harmonics, and the THD% of the source voltage is 
41.23 %; this THD% of the source voltage is too high and is out of standard limits. The source current 
harmonic is distorted, and the THD% of the source current is 77.27 %. The THD% of source current is 
also too high because of the great distortion in source current due to 1) the distorted voltage source, 2) the 
non-linear load. 
 Table 2 shows the THD% of the source voltage and source current before connecting the UPQC. 
 
 
Table 2 THD% of source voltage and source current. 
 

Source Voltage THD% Source Current THD% 

41.23 77.27 
 
 

With connecting SEAPF alone 
In the second case study, the whole power system simulation model is run with connecting the 

SEAPF alone (without connecting the SHAPF). Figures 9 - 11 show pure source voltage vs. SEAPF 
injected voltage vs. distorted source current waveforms, FFT analysis of source voltage, and FFT analysis 
of source current, respectively. 
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Figure 9 Source voltage vs. SEAPF injected voltage vs. source current. 

 
 

 
Figure 10 FFT analysis of pure source voltage. 
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Figure 11 FFT analysis of distorted source current. 

 
 

As shown in Figures 9 - 11, the SEAPF mitigates the distortion of source voltage and reduces the 
distortion of source current. The THD% of source voltage becomes 3.09 %, and the THD% of source 
current becomes 27.72 %. The THD% of source voltage matches the standard limits, but the THD% of 
source current is still high and is beyond the standard limits.  

Table 3 shows the THD% of source voltage and source current after connecting the SEAPF. 
 
 
Table 3 THD% of source voltage and source current. 

Source Voltage THD% Source Current THD% 

3.09 27.72 
 
 

With connecting UPQC (SEAPF & SHAPF) 
         In the third case study, the whole power system simulation model is run with connecting the UPQC 
(SEAPF & SHAPF), the SEAPF is connected from the beginning of the simulation, and the SHAPF is 
connected through a circuit breaker at t = 0.2 s. Figures 12 and 13 show pure source current vs. SHAPF 
injected current waveform, and FFT analysis of source current, respectively. 
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Figures 12 Source current vs. SHAPF injected current waveforms. 

 
 

 
Figure 13 FFT analysis of pure source current. 

 
 

After connecting the SHAPF, it is noticed that 1) the SHAPF has a good effect on source current 
harmonic elimination; 2) the THD% of source current is within the standard limits; 3) the SHAPF does 
not have any effect on source voltage, and 4) the UPQC mitigates all power system problems.  
Table 4 shows the THD% of source voltage and source current after connecting the UPQC. 
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Table 4 THD% of source voltage and source current. 

Source Voltage THD% Source Current THD% 

3.09 3.31 
 
 

Table 5 shows a comparison of the THD% of source voltage and source current in the 3 cases.  
 
 
Table 5 Comparison of THD% of source voltage and source current. 

THD% Before connecting 
UPQC 

After connecting 
SEAPF alone 

After connecting 
SEAPF & SHAPF 

Source Voltage THD% 41.23 3.09 3.09 

Source Current THD% 77.27 27.72 3.31 
 
 
Conclusions 

The UPQC is used to mitigate all voltage and current problems and improve all power system 
quality. When using the UPQC, it is noticed that 1) the SEAPF eliminates all voltage problems, 2) the 
SEAPF reduces source current harmonics, but is still out of standard limits, 3) the SHAPF has no effect 
on source voltage, 4) the SHAPF eliminates source current harmonic distortion, and 5) the UPQC 
mitigates all power system problems. As shown in Table 5, the THD% of source voltage and source 
current under distorted voltage source and non-linear load matches the standard limits [57-59]. 
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