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ABSTRACT 
 

This paper presents a new compensating system, consisting of series and shunt active filters, for mitigating voltage and 
current disturbances. The shunt filter is used to compensate for unbalanced and distorted load currents. The series filter 
comprises two inverters, used to suppress voltage disturbances and handle source currents independently. This 
configuration is devised to reduce the overall cost of active compensators by using low-frequency high-current switches 
for the latter inverter. The filters are controlled separately using a novel control strategy. Since voltages at the point of 
common coupling contain interharmonics, conventional methods cannot be used for extracting voltage references. 
Therefore, voltage references are obtained from generated sinusoidal waveforms by a phase-locked loop. Current 
references are detected based on rotating frame vector mapping. Simulation results are presented to verify the system. 
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1. Introduction 
 

Application of nonlinear loads such as adjustable speed 
drives, electric arc furnaces (EAFs) and  power conversion 
devices in power systems results in power quality 
problems such as harmonics, interharmonics and voltage 
fluctuations. These features force utilities and consumers 
to take countermeasures. Due to the variety of nonlinear 
loads and their problems, different compensation systems 
have been used. Passive filters are a conventional solution 
to mitigate harmonics. The limitation of passive filters for 

compensating complex problems such as variable and 
noninteger harmonics has made active filters 
attractive.The series active filter is a controlled voltage 
source inverter. It is less common in the industry than 
shunt active filters, due to the drawbacks of series circuits. 
Also, it must handle high source currents, which increases 
its current rating considerably in comparison with shunt 
active filters. Shunt active filters are widely used in 
industrial applications [1,2]. It has the advantage of carrying 
only the compensating currents. Also, it is possible to 
connect several filters in parallel to increase current 
capacity for high power applications. 

Some loads such as electric arc furnaces have time 
varying currents that result in severe problems such as 
interharmonic and voltage fluctuations. Passive filters, 
series inductor [3], static var compensators (SVCs) [4-7], and 
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distribution static compensators (DSTATCOMs) [8] are 
compensating devices used to improve the EAF power 
quality. Passive filters cannot be used for compensating 
problems such as variable frequency harmonics and flicker. 
The series inductor causes a reduction of short circuit 
power and decreases productivity. While SVCs are widely 
used for EAF compensation, they have inherent delays, 
which limit their ability to suppress voltage flicker [9]. 
Besides, they inject a large amount of current harmonics, 
which need to be filtered. DSTATCOMs are inherently faster 

and produce fewer harmonics than SVCs, but compensate 
only for reactive power at the fundamental frequency.  

In [10], nonlinear loads have been categorized into two 
types of harmonic sources, harmonic current source and 
harmonic voltage source. Shunt active filter can only 
compensate for harmonic current source loads [10]. An 
EAF has both harmonic current source and harmonic 
voltage source characteristics. Hence, a combined system 
of series and shunt active filters is the most suitable for 
meeting stringent power quality requirements [11].  

Several investigations have been carried out on the 
combination of the two types of filters, usually refered to 
as universal power quality conditioner (UPQC). A specific 
UPQC has been implemented in [12] for eliminating 
voltage flicker and unbalance. In this work, DC voltage is 
regulated by the shunt active filter and current harmonics 
are alleviated by passive filters. In [13], a combination of 
series and shunt active filters as a universal power quality 
manager (UPQM) were employed to compensate for 
current harmonics, unbalance and fundamental component 
reaction, and to mitigate voltage harmonics, unbalance and 
flicker. Also, the performance of the UPQM depending on 
the sequence of installation of the two filters has been 
discussed. Both in [12] and [13], voltage flicker is simply 
modeled by a series, 5Hz, 4% voltage source. Also, other 
researchers have presented the UPQC approach to mitigate 
power quality problems [14], and to suppress voltage flicker 
and unbalance produced by AC arc furnace [15]. In [16], a 
discussion was carried out on the compensation 
capabilities of the UPQC.  

The conventional combination of series and shunt active 
filters has two drawbacks, complicated control and high 
source current. The series filter generates compensating 
voltages which are small in comparison with the rated 

system voltage. Therefore, large currents must pass 
through the inverter switches.  

Detection of reference signals has a vital role in the 
effectiveness of active filters. Interharmonic components 
and nonstationary characteristic of disturbances make 
frequency-domain methods inefficient in reference signal 
detection. Time-domain methods, which are based on 
signal filtering and manipulation, obtain compensating 
signals in averaged or instantaneous forms. The reactive 
power of electric arc furnaces has widely varying values 
which requires a fast detection method. This can be 
achieved using the proposed method. The instantaneous 
reactive power theory based on a rotating reference frame 
is presented in [17-20]. for three-phase four-wire systems 
and employed for reactive power compensation and 
neutral current elimination.  

This paper presents a new compensating system for 
alleviating voltage and current disturbances. In order to 
overcome the shortcomings of the conventional series-
shunt active filters, the power circuit topology of the 
system  utilizes two inverters to generate voltage 
references and to handle source currents, separately. 
Thanks to this topology the series and shunt filters are 
controlled independently. Therefore, low-rating high-
frequency switches are selected for the voltage generator 
inverter and high-rating low-frequency switches are used 
for the current handling inverter. An extended method is 
proposed for extracting the compensating signals to 
suppress the harmonics and to correct the power factor. 
The desired amplitude of the voltages is calculated from 
the measured values. Then, three voltage signals are 
generated by a PLL and are used to obtain voltage 
reference signals. Also, a new DC voltage control loop is 
presented which can be used in the presence of noninteger 
hormonics and flicker voltages at the PCC. It will be 
shown that the proposed scheme can improve power 
quality of widely varying loads in three-phase three-wire 
power systems with unbalanced voltages. 

 
2. System Configuration 

                                                              
Fig. 1 shows the proposed compensating system with 

the parameters listed in Tables 1 and 2. It consists of series 
and shunt active filters. The two series active filters are 
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Fig. 1  System configuration 

 
Table 1  Parameters of the simulated system 

 

 
Table 2  Parameters of the transformers 

 

Transformer T1 T2 T3 T4 
V1(kV)/V2(kV) 220/21 21/0.78 0.7/21 2/2 
MVA 95 60 20 5.7 
Resistance, pu 0.005 0.005 0.005 0.001
Inductance, pu 0.125 0.1 0.002 0.01

 
connected together at their AC terminals and connected to 
the network through a matching transformer T4. The series 
filter 1 mitigates voltage disturbaces from the PCC and  
series filter 2 handles source current flow through the 
secondary side of the matching transformer. The latter can 
handle high source currents via paralleled inverter 
branches and low frequency switches. The shunt active 
filter compensates for the load current disturbances and 
regulates common DC link voltage. The series inductor 
and shunt capacitor constitute the passive compensating 
device. These components limit the fast variations of load 
currents and mitigate voltage notching at the PCC. The 

AC side impedance of the series active filter 2 is used to 
prevent short circuit of the AC sides of series filters 1 and 
2. With regards to the power capability and switching 
speed of the semiconductor devices, IGBT is a suitable 
choice for the inverters. 

 

3. Control Strategy 
 
The control scheme of the system consists of detecting 

reference signals and controlling the inverter switching. 
Due to the special circuit topology of the compensator, 
control strategy is established independently for each part.  

 
3.1 The current compensating signal detection 
Instantaneous voltages and currents in the abc 

coordinates can be transformed on the orthogonal αβο  

coordinates. As shown in Fig. 2, the οα q′  coordinate set 

is formed by rotating the αβ  plane by 1θ  about the ο -

axis so that the α -axis aligns with the projection of the 
instantaneous voltage space vector on the αβ  plane. 

Therefore, the instantaneous current vector in the οα q′  

coordinate is obtained by applying the corresponding 
rotating transformation. Then, the pqr  coordinates are 

obtained by rotating οα ′  plane by 2θ  about the q -axis so 

that the α ′ -axis aligns with the projection of 
instantaneous voltage space vector on the οα ′  plane. 
Therefore, the instantaneous voltage vector coincides with 
the p-axis. Also, the current vector on the pqr  

coordinates can be achieved by applying the corresponding 
rotating transformation. More details can be found in [21].  

As shown in Fig. 1, at the PCC, one can write on the 
abc frame: 

Parameter Value
short circuit power, MVA 3500
shunt active filter inductance, mH 0.045
shunt active filter resistance, ohm 0.001
shunt active filter ac side capacitance, µ F 1.8 
AC side inductance of series active filter 2, mH 4.6 
AC side resistance of series  active filter 2, ohm 0.08
series inductance, mH 10 
DC bus capacitance, mF 15 
DC bus voltage, kV 12 
shunt capacitance, µ F 420 
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Fig. 2  Relation between αβο and pqr reference frames 
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By multiplying (1) in transformation matrix T [21], 
current relations are given in the pqr coordinates as:  
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Since the voltage vector is coincidental with the p-axis, 
fundamental frequency component of the phase voltages 
in the pqr frame is a DC value on the p-axis. The other 
components are superimposed on pv as fluctuating values.  

Instantaneous active current of load lpi  includes a DC 

value and an oscillatory component. The latter component 
determines oscillatory active power and should be 
compensated to achieve a constant active power.  

 

lplplp iii ~+=                                                                (3) 
 

where lpi  and lpi~  stand for DC and fluctuating 

components, respectively. lpi~  can be extracted by passing 

lpi  through a low pass filter, and subtracting the output 

from lpi . The cutoff frequency of the filter should be low 

enough to block all disturbance components. On the other 
hand, too low a bandwidth slows down the dynamic 
response of the device. An alternative method to remedy 

this drawback is shown in Fig. 3. Three-phase currents are 
transformed from abc to dq values. The fundamental and 
low-frequency components are extracted utilizing low 
pass filters with the cut-off frequency of 85 Hz. Peak 

values of filtered positive signals ai
)

, bi
)

 and ci
)

are 

detected and used to define the amplitude of reference 
currents. This value is given as: 

 

3/)( cmbmami iiik ++=                                             (4) 
 

where )max( iim ii
)

= , for i=a,b and c. 

Three current templates are obtained by multiplying ik  

and the outputs of a sine-wave generator. Then, the 
resultant vector ti  is tranformed to the pqr rotating frame. 

Thus, tpi  would be equivalent to lpi , and therefore, 

subtracting it from lpi results in a load active current 

disturbance. Similarly, instantaneous reactive current lqi  

has two components. Compensating the DC component 
results in power factor correction, whereas compensating 
its oscillatory component together with the oscillatory 
active current leads to harmonic elimination and load 
balancing. Therefore, an ideal compensation requires 
reference current space vectors in pqr coordinates be 
chosen as follows:  

 

lpcp ii ~* =                                                                        (5) 

lqcq ii =*                                                                        (6) 

0* == lrcr ii                                                                  (7) 
 

Finally, compensating signals in the abc frame are 
obtained as:  
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3.2 DC bus voltage control 
Flow of instantaneous power through the inverter 

charges and discharges the inverter DC bus capacitor, 
causing changes in its voltage. Regulation of this voltage, 
which is essential for proper operation of the active filter, 
requires balancing active power exchange at the 
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between these voltages and the PCC voltages are fed to a 
pulse-width modulation (PWM) controller to generate the 
gate signals for the first series active filter. The proposed 
scheme is depicted in Fig. 4.  
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Fig. 4  Control block diagram of the series active filter 1 
 
The second inverter is also controlled by hysteresis current 
control method. The reference signal of this part is a 
source current flowing at the secondary side of tranformer 

4T . The hysteresis band is chosen in such a way as to 

keep the switching frequency low. Then the difference 
between the line and the second inverter currents flows 
through the first inverter. 

 
4. Simulation Results 

 
The system in Fig. 1 was simulated using 

Matlab/Simulink. The load is a 60 MVA electric arc 
furnace [3]. The three-phase EAF model used in the 
simulation studies is composed of two parts. The first part 
is a dynamic arc model in the form of a differential 
equation. The other part is related to the chaotic 
characteristics of the arc voltage. More details about the 
EAF model can be found in [23]. The PI controller 
parameters in the control loop of the DC bus voltage are 
chosen as =pk 0.93, =ik 0.0996 [24].  

 
4.1 Power quality problems 

First, in order to indicate the power quality impact of 
the simulated EAF, the system was studied without the 
mitigating system. In addition to the voltage and current 
harmonics, the EAF generates voltage flicker, imbalance, 
and notching. Similar problems were observed in the load 
currents. Fig. 5 shows voltage notching, unbalance and 
flicker.  

 

 
 

Fig. 5  Three phase PCC voltages after passive compensation 

 
Load currents are depicted in Fig. 6. Fast fourier 

transform (FFT) of the load current has a continuous 
distribution of harmonic content. The harmonic values of 
some of the important components are mentioned in Table 
3. 

 

 
 

Fig. 6  Three phase load currents 

 
4.2 Compensation results 
Sole insertion of a series inductor may cause reduction 

of short circuit power at the PCC and decrease 
productivity of EAF [3]. In contrast, a suitably sized series 
inductor and a shunt capacitor can be used together with 
the active filter to mitigate flicker and improve power 
quality. The passive components limit rapid variations of 
the EAF currents and eliminate the voltage notching as 
shown in Fig. 7.  
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Fig. 7  Passive filters effect 
  (a) Load current   (b) Voltage notching 

 
The mitigating system efficiently reduces source current 

harmonics in the 0-0.9 kHz frequency range, as depicted 
in Table 3. Comparison of the harmonic content in the 
load and source currents indicates that in addition to the 
integer harmonics, noninteger harmonics are considerably 
suppressed. The total harmonic distortion (THD) of the 
source current for a phase varies between 11.6% and 
24.3% before compensation. This value is reduced to 
lower than 3.8% after compensation and meets the 
requirements of the IEEE-519 standarads [25]. Also, 
comparison of Figs. 6 and 8 indicates that current 
imbalance is considerably reduced in this compensating 
system.  

 
Table 3  Harmonic content of source current 

 

H 10 110 190 250 290 310 350
A1 13.8 13.4 4.3 10.7 3.4 3.9 8.1
A2 2.8 3.1 0.24 0.6 0.3 0.12 0.68
H 410 490 550 590 610 650 850

A1 3.2 1.8 4.7 1.6 1.8 3.8 2.5
A2 0.2 0.11 0.21 0.0 0.0 0.3 0.12
H: Harmonic no.  
A1:Harmonic amplitude before compensation  
A2: Harmonic amplitude after compensation 

 

 
 

Fig. 8  Source currents 
 

The shunt active filter current for phase a is shown in 
Fig. 9. Series inverter 2 generates voltage compensating 
signals as depicted in Fig. 10. eries inverter 2, as shown in 
Fig. 12, mainly handles the line current flowing in the 
secondary side of 4T . Comparison of these currents 

indicates that %5.7 and %94.3 of source current are 
handled by series inverters 1 and 2, respectively. Average 
switching frequency of series inverter 1 is about 12 kHz 
and that of series inverter 2 is 2.2 kHz. Load and source 
instantaneous reactive powers in Figs. 13 and 14 indicate 
the capability of the mitigating system in compensating 
for highly varying EAF reactive power.  

Voltages at the PCC before and after compensation are 
shown in Figs. 5 and 15, respectively. Comparison of 
these figures show the voltage imbalance is suppressed 
effectively. 

 

 
 

Fig. 9  Shunt active filter current, phase-a. 
 

 
 

Fig. 10  Series active filter 1 generated voltage, phase-a. 
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Fig. 11  Series active filter 1 current, phase-a. 
 

 
 

Fig. 12  Series active filter 2 current, phase-a. 
 

 
 

Fig. 13  Source instantaneous reactive power 
 

 
 

Fig. 14  Load instantaneous reactive power 
 

 
 

Fig. 15  Three phase PCC voltages after compensation 

Spectrum analysis of the PCC voltages indicates that 
the values of 10 Hz and 110 Hz in the voltage signal 
before compensation are 0.14% and 1.13%. They are 
reduced to 0.01% and 0.009%, respectively, after 
compensation. 

The other part of the control strategy is the DC link 
voltage regulation. Based on the capacitor voltage shown 
in Fig. 16, one can see that the voltage control loop offers 
efficient performance in under unbalanced and flicker 
PCC voltages.  

 

 
 

Fig. 16  DC bus capacitor voltage 

 
5. Conclusions 

 
In this paper, a new combination of series and shunt 

active filters is proposed for an improved power quality 
supply system for an electric arc furnace. The 
compensator mitigates the PCC voltage and load 
current disturbances and compensates for reactive 
power, harmonics, interharmonics, and imbalance. The 
advantages of the proposed configuration are effective 
handling of high source current by the series active 
filter and decoupling the controls of the series and shunt 
active filters. One of the series inverters operates at 
high-current low-frequency, while the other one is a  
low-current high-frequency inverter. Thus, proper 
switches can be selected for the inverters with regards to 
switching frequency and current rating. A new method 
for extracting the voltage reference signals has also 
been proposed, which performs efficiently in the 
presence of PCC voltages polluted with low frequency 
interharmonics. The detection methods for voltage and 
current compensating signals provide efficient 
performance for the series and shunt active filters.  
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