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ABSTRACT 
In the paper, a power quality improvement approach using passive tuned filters is introduced. This 
approach is applied to improve the power quality of two different field nonlinear-loads, which are 
connected to two real separate distributors. The considered loads are a converter and an electric arc 
furnace (EAF). The converter is used for feeding the Under Ground Metro in Cairo, while the EAF 
is used in the Arco-Steel factoly located in the Sadat City. 
Two passive single-tuned filters are designed and used for improvement of the converter power 
quality problem. Considering each of the following: total harmonic distortion (TED) of voltage 
and current, preventing an occurrence of the parallel resonance, the effect of a filter outage, the 
effect of filter dehming, and the manufacturing tolerance of capacitors and reactors, the parameters 
R, L, and C are determined for each of the two filters. Furthennore, a nonlinear optimization 
technique is used to obtain the optimal values of the two filters parameters, considering the two 
filters cost and their active power losses in addition to the THD of voltage and current. 
Despite there exist two passive filters connected in shunt with the considered EAF, it is found, 
from the power quality measurements, that the THD is greatly exceed the BEE-519 standard 
limits, and the current wave is distorted. For improving the resulted power quality problem (that is, 
reducing the current THD value), it is proposed a third passive single-tuned filter to be designed 
and connected with the existed two filters. Using the MATLAB-Simulink, the EAF with the three 
filters are simulated, and it is used to obtain the new filter parameters. 
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1. INTRODUCTION concern about the distortion of the voltage and 
Due to the technical and economical impact of cuxent waveforms in distribution networks due to 
power quality on distribution system, h m 0 n i c  pollution 121. . 
improvement of the power quality has become a Harmonics have been shown to have deleterious 
research topic for the past 20 year [I]. effects on equipments including transformers, 
The proliferation of power electronic devices and rotating machines, fuses, switchgear, capacitor banks 
non-linear loads in power systems leads to increasing and protective relays PI. However, the degree of 

Engineering Research Journal, VoI. 32, No. 2 April 2009, PP 189-199 
O Faculty of Engineering, Minoufiya University, Egypt 



E. Sand, H. Shaaban, G. A. Marsy, "Power Quality Improvement for Arc Furnace and Converter Fed ... 

problems caused by harmonics is dependant on both 
level of harmonic distortion and the characteristic of 
the power system [4]. 
Electric power converters and electric arc furnaces 
(EM) are the major sources of harmonics. While 
power converters produce only odd harmonicq it is 
found that "EAFs" produce odd and even harmonics. 
One way to reduce the effects of harmonics is by 
preventing the harmonic currents from penetrating 
into a distribution system. This can be achieved by 
using R-L-C tuned (series or shunt) filters, or active 
filters. However, it is found that the shunt filters are 
more suitable to use since they can be designed for 
whatever rating is needed, they are less expensive, 
and they can also provide reactive power at the 
fundamental frequency. 
The quality factor of a filter, which is denoted by Q, 
determines the sharpness of the filter tuning. In this 
respect filters may be either of a high or a low Q 
value, the former is sharply tuned to one of the lower 
harmonic frequencies (e.g. the znd and 31d 
fkquencies) and the typical value of Q is between 30 
and 60 (for single tuned filter) [5,6]. The filter of low 
Q value, typically in the region of 0.5-5, has low 
impedance over a wide range of higher frequencies 
~71. 
In Ref. [3], the authors discussed the design of each 
of single tuned filters, high pass filters, and minimum 
filters. Note that, minimum filters are designed when 
the reactive compensation is not a requirement. It 
was found that to determine the worst possible 
harmonic condition, the variations in the load and 
source impedance should be considered. 
The authors of Ref. [4], discussed the side effects of 
applying filters in a distribution system. It was 
concluded that the parallel resonance fiequency 
decreased as the filter size (that is, the reactive power 
supplied by a filter at fundamental frequency) 
increased. 
In Ref. 183, two single-tuned filters were used for 
improving the power quality problem resulted from a 
converter load. Both of the conventional linear 
programming (LP) and the modem fuzzy linear 
programming (FLP) techniques were used to obtain 
the optimal values of the filters parameters 
considering either the THD, or the filters cost. 
The authors of Ref. 191, presented the solution 
procedures required for applying multiple active 
power filters to reduce the harmonic voltages and 
total harmonic distortions in distributor systems. A 
real distribution system was used as an illustrative 
example. 
Based on minimizing the network apparent power, 
two single-tuned filters were designed, in Ref [lo], 
for improving the power quality resulted from a 
converter load. 

Three harmonic filters with a thyristor controlled 
reactor (TCR) were used in Ref. [I I], to mitigate the 
power quality problems resulted from an electric arc 
furnace load. The TCR was used for the voltage 
stabilization. 
In this paper, two different types of nonlmear loads, 
the first is the converter load, while the second is an 
EAF are considered. For the fnst considered load, the 
power uality problem is improved by using a 11" 9 , .  and 13 smgle-tuned passive filters, which are 
connected in shunt with the converter. Considering 
the converter full-load condition, values of the 
parameters R, L and C for the needed two filters are 
obtained considering the following: the THD for the 
voltage and current at the point of common coupling 
(PCC), the peak and RMS voltages across the filter 
capacitor, the manufacturing tolerance of capacitors 
and reactors, the filter detuning and an outage of one 
filter. 
Considering the two proposed filters cost and their 
active power losses in addition to the THD of voltage 
and current, a nonlmear optimization technique is 
used to determine the optimal values of the filter R, 
L, and C parameters. 
The power quality problem resulted from the EAF 
load is improved by using a new designed passive 
filter, which is added to the existed two filters. With 
the aid of the Sirnulink in MATLAB package, the 
parameters R, L and C needed for the new filter are 
obtained. 

2. IMPROVEMENT OF THE POWER 
QUALITY PROBLEM CONSJDERWG THE 
CONVERTER LOAD 

2.1. The Considered Distribution System 
It is considered a real distributor (an underground 
cable) which is fed from the Ramsis Underground 
Metro substation, and it is delivering the power to a 
number of loads, one of them is a 12-pulsk converter, 
as shown in Fig. 1 [lo]. 

kv YM* I , ClbL : &IS mb. BjllpF, O.1U R PCC 

2=12.54 % 
M 

Fig. 1. The considered distribution system 

Due to the current harmonics generated kom the 
connected converter, it is found that voltage and 
current harmonics are generated at the (PCC), as 
given in Table 1. Note 'that the converter loading 
conditions are dependent upon number of the 
traveled trains and number of passengers in a train. 
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Table 1 The measured harmonics voltage and cunent 
at the PCC. 

For the full load condition, Figs. 2-a through 2-0 
show the current waveform and its harmonic analysis 
in addition to the voltage waveform at the PCC. It is 
clear from these figures that the current and voltage 
waveforms are highly distorted. 

Fig. 2-a The current waveform at the PCC. 

PCC. 

Rig. 2-c The voltage waveform at the PCC. 

The measured THD values for the voltage and 
cnnent at the PCC are given in Table 2, and it is clear 
that these values exceed the Standard IEEE-519 
limits, which are 5 % and 8 % for the voltage and 
current, respectively [5] .  

Table 2 The THD of the voltage and current at the 
FCC. ' THDofvoltage(%) 1,- 21.59 -- ] 

/ T J D  of c~ment (%I) , 21.37 

Now, in order to improve the considered distributor 
power quality problem, (that is, to decrease the THD 
values to their IEEE-519 Std. limits), a two passive 
11" and 13" tuned filters are designed and to be 
connected in shunt at the PCC. 

2.2. DESIGN OF TEE TWO PROPOSED 
rnTERS 

As a first step for designing the two proposed filters, 
it should determine the largest capacitance value that 
can be connected, in shunt, at the PCC such that the 
voltage regulation does not exceed the 5 % value. 
This case study represents the converter when it 
operates at no load while the two filters are 
connected. 
Taking the base voltage and power to be 20 kV and 
36 MVA, respectively, the distributor equivalent 
circuit for the fundamental frequency is shown in 
Fig. 3. Note that, the distributor loads other than the 
converter load are, for simplicity, neglected. 
Assuming different values for the connected 
capacitance "C", the voltage at the PCC is computed 
and given as shown in Fig. 4, from which it is clear 
that the capacitance value should be less than 105 pF. 

Fig. 3 The distributor equivalent circuit for the 
fundamental frequency (all values in P.U.) 

Zt, is the transformer impedance, 
Z,b and Ycb are series impedance and shunt 

admittance of the distributor cable, 
Cis the connected capacitance. 

Fig. 4 The computed voltage at the PCC for different 
capacitance values. 
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2.2.a. Partitioning the capacitance C between the 
two proposed filers: 

In order to partition the capacitance C between the 
two filters, it is necessary to cany out the 
computation for obtainimg each ofthe following [13]: 
1- The peak and RMS voltage across the filter 

capacitor terminals. 
2- The parallel resonant frequency for the distributor 

and the connected two proposed filters. 
3- The total harmonic distortion (THD) values for the 

current and voltage at the PCC. 
4- The total active power losses in the two filters. 
Choosing a filter capacitance value, its corresponding 
Rand L parameters are computed as [3], 
L =llo,2C (1) 

R = ruhL /Q (2) 

0h=2?Ix50xh, h =  I1 and 13 
where Q is the filter quality factor, and it is taken to 
be equal 100, which is the nominal value for the air- 
cored coil of filters. 

2.2.a.l. Determination of tlrepeak and rms voltages 
across eachfilter capacitor: 

Assuming the capacitance C to be partitioned 
between the two filters, the voltages Vpe& and Vms 
are computed as, 
Vpmk = V ,  + V h  (3) 

where V1 and Vh are the fundamental and harmonic 
frequency voltages across the capacitor terminals, 
respectively, and they are computed as follows, 

where 11 is the filter fundamental frequency current, 
and Ih is the fdter harmonic current at its tuned 
frequency. Xc is the filter capacitor reactance at the 
fundamental frequency, and h is the harmonic order. 
Noting that the converter full load fundamental 
current is equal to 392 A, the voltages Vpeak and 
VhvS for each filter capacitor are computed and 
shown in Figs. 4-a and 4-b, respectively. 

0.4~ " <:a88d%&ncqb <sndG~erad>  10 25 1 

Fig. 4-a The peak voltages across the 1 I" and 13" 
filters capacitors for different capacitance values. 

0,"s I 
1 1 5  20 24 

~ ~ ~ ~ c a t h % ~ a  wvcm rursm 

Fig. 4-b The RMS voltages across the 11" and 13" 
filters capacitors for different capacitance values. 

Noting that, according to the IEEE-Std. 18-2002, 
none of the following limitations can be exceeded 
[12]: 
1. 120 % of a capacitor rated peak voltage. 
2. 110 % of a capacitor rated Rh4S voltage. 
The capacitance for each filters capacitor can be 
chosen, referring to Figs. 4-a and b, to be equal, or 
greater than, 5.0 pF. 

2.2.a.2. Determination of the considered distributor 
parallel resonance frequency: 

It is found, in practice, that a parallel resonance may 
occur as a result of the connection of harmonic tuned 
filters with a distribution system. 
Now, dividing the chosen total capacitance C =20 
pF, between the two filters, and using the distributor 
equivalent circuit, shown in Fig. 5-a, it is computed 
the distributor equivalent impedance "Zdis)) for 
different frequency values. Note that, ZFII and Z~13 
are the 11" and 13Ih filters impedances, respectively. 

Fig. 5-a The distributor equivalent circuit considering 
a harmonic source. 

Figs. 5-b and 5-c show values of the impedance 
"Zdi; for unequal and equal division of the total 
capacitance, respectively, between the two filters. 
From these figures it can be seen that the parallel 
resonance (that is, the larger values of Zdi,) can not 
occur near one of the two filters tuning frequencies 
(that is, 550 Hz and 650 Hz) when the chosen total 
capacitance is divided equally between the two 
filters. 
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Fig. 5-b Variation of the system equivalent 
impedance versus frequency for unequal division of 

the total capacitance. 
.n 

36 J 

Fig. 5-c Variation of the system equivalent 
impedance versus kequency for equal division of the 

total capacitance. 

2.2.a.3. Effect of thefilfers selected capacitances on 
the voltage and current total harmonic 
distortion (TED): 

The THD of current and voltage are computed from 
the following two Eqns. [5], 

THDf = J j  (7) 

(8) 

where 11 and VI are the magnitudes of the current 
and voltage, respectively, at the fundamental 
frequency. I, and V, are the magnitudes of the 
current and voltage, respectively, for harmonic "n". 
Now, assuming different values for the two filters 
capacitances, and using Eqns. 1 and 2, the filters 
parameters R and L are obtained. Next, referring to 
Fig. 3 and 5-a, the fundamental current and voltage 
and the penetrating currents 111 and 113, in addition to 
the voltages VII and Vls at the PCC are computed. 

Figs. 6-a and 6-b, show the THD, and THDi 
computed values for different capacitance values. 

0.2 ..i- 10 

Capasinmse (m\:ro farad] 20 25 

Fig. 6-a The voltage THD values versus the selected 
capacitances of the two filters. 

5 10 15 20 25 
capacitance (rnism hrsd) 

Fig. 6-b The current THD values versus the selected 
capacitances of the two filters. 

2.2.a.4. Determination of the active power losses for 
the fwoproposedfilers: 

For a single-tuned filter, the active power loss is 
given as [3], 

Pioss = (IZ] + 12n) Rf (9) 
where Rf is the filter resistance. 
Selecting different values for the two filters 
capacitances and using Eqn. (9), the power loss for 
each filter in addition to the total power losses are 
computed and shown in Fig. 7. 

Fig. 7 The active power losses for different values of 
the filters capacitances. 

Now, from the last section computations, the 
capacitance C = 10 pF, may be chosen for each of the 
two proposed filters. Hence, using Eqns. (I), and (Z), 
the corresponding values of each proposed filter 
parameters R and L are computed and given in Table 
3. 
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Table 3 Parameters of the proposed two tuned filters. 

- 

For the two designed filters, values of the voltages 
Vpeak, VmS, the THDi and THD", in addition to the 
total active power loss (PI,,,) are computed and given 
in Table 4. From this table, it is clear that values of 
the THDi and THD, are greatly decreased compared 
with those before connecting the designed two filters. 
This essentially implies that the considered 
distributor power quality problem has been 
improved. 

Table 4 Values of Vpeak, V-. THD, and PI,,, for 
the designed two filters. 

V~otiu 1 2; Vmmz 3 THD; 1 THa- PIO, / 
P.U. P.U. P.U. ?4 1 6 I;\%, , 

Fig. 8 shows the current waveform at the PCC after 
connecting the designed two filters. 

U..." ,---. 
Fig. 8 The Current waveform : 

connecting the two designed filters. 
at the PCC after 

2.2.b. The distributor power quality studies 
considering the manufacturing tolerance, the 
detuniug effect and a one filter outage: 

For the considered distributor with the connected two 
designed filters, the power quality studies are carried 
out, in this section, considering each of the 
following: 
1- Manufacturing tolerance of a filter capacitance and 

inductance. 
2- The filter detuning. 
3- An outage of one filter, due to maintenance. 

2.2.b.l. The power quality studies considering the 
manufactitring tolerance: 

Considering the standard manufacturing tolerance 
values, which are 10 % and 5% for the filter 
capacitance and inductance, respectively [14, 151, it 
is carried out the computations of the voltages Vpeak, 
VwS, the THDi and THD,, in addition to the filters 
losses. The obtained results are given in Table 5. It is 

noticed that larger values of THDi and PI,,, are 
obtained when the tolerance is taken into 
consideration. 

Table 5 Values of V,,,k, VMS, THD, and PI,,, 

Now, considering the manufacturing tolerance, the 
impedance Zd,, is computed, referring to Fig. 5-a, for 
different frequency values, as shown in Fig. 9, which 
it can be shown that a parallel resonance is occurred 
near the 11' harmonic 6equency. 

considering t h i  manufacturing tolerance. 

Fig. 9 Variation of the system equivalent impedance 
when the manufacturing tolerance is considered. 

2.2.b.2. The power quality studies considering the 
detuning effect: 

The two most common mechanisms that may rqsult 
in a filter detuning are: 
1- The power system frequency may change, thus 

causing the harmonic 6equency to change 
proportionally. 

2- The capacitance may be changed due to the aging 
effect and the temperature variations. 

Now, taking the system frequency variation to be 52 
%, it is found, referring to Fig. 10, that values of the 
distributor impedance Zdis will increase with very 
small values when the system frequency variations 
are taken into consideration. 

F 

Fig. 10 The distributor equivalent impedance 
considering variation of the system frequency. 

6.8 I 2.9 11.007 11.164 11.004 1 1.05 15.07 
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Considering the effect of aging and temperature 
variation, the filter capacitance, may be changed by 
about 3 % [6]. It is found, referring to Fig. 11, that 
values of the tuned tiequencies for the two proposed 
filters decreases when the effect of aging and 
temperature variation is considered. 

40 

35 f: 1 

Fig. 11 Variations ofthe system impedance 
considering the aging and temperature effect. 

2.2.b.3. The power qualily studies considering a one 
filter outage: 

Assuming that either the ll", or 1 3 5  fdter is 
switched off, due to regular maintenance, the power 
quality computations are carried out. It is found that 
the THDi value increases to 4.95 %, when the 13" 
filter is switched off. When the 11" filter is switched 
off, it is found that the THDi value is greatly exceeds 
the IEEE- Std. limits and the resulted current 
waveform is distorted, as shown in Fig. 12. 

time psc) 

Fig. 12 The current waveform at the PCC when the 
11" filter is switched off 

In order to improve the power quality resulted 6om 
the 11" filter outage, it is proposed that a shunt 
capacitor bank to be connected at the PCC. Using the 
MATLAB-Simulink, the distributor with the 13" 
tuned filter and the proposed capacitor is simulated, 
as shown in Fig. 13. Then it is found that the THDi 
value can be less than the IEEE-Std. 519-92 limit, 
when the connected capacitor capacitance equals 
20pF. 
It is of importance to note that the needed 
capacitance is equal to 200 % the removed filter 
capacitance. 

I 
Display9 

I 1 
Display1 

Switchable 
source pi Llne 1 Measure 4 '  Capacitor 

W ~ I I  13th tuned 
filter 

- - - - 

Non-llnear load 
Fig. 13 The MATLAB-Simulink model of the considered distributor system. 
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2.3. Determination of the Optimal Parameters for 
the Proposed Two Filters: 

It is considered, in this section, the distributor with 
the connected two proposed filters, for which the 
optimal parameters are determined. The objective 
(nonlinear) h c t i o n  J is chosen to he a function of 
the filters total capacitance C, = CL1+CL3. and it is 
taken in the form, 
J(CJ=alTHDi+a~THDv+a3C,+~P~DIs+a5AQct (10) 
The constraints are given as, 
5 pF5C11550pF  
5 PF 5 C13 < 50k~F 
Note that, the weights rq, i =1, 2 ..., 5 are chosen so 
that each of the five terms make an approximately 
equal contribution to the objective function. 

In Eqn. (lo), values of THDi and THD, are 
computed by using Eqns. (7) and (8), and PI OSE i S 

of the two filters active power losses PLll and PLI3, 
which can be computed by using Eqn. (9). Also, A is 
the capacitor cost, which is equal to 170x103 LE 1 
MVAr. The total reactive power Qct = Qcll + Qc13, 
where the capacitor reactive power Qc, is computed 
as, 
Q, =(I~/w,c,)+(I~/o,K,),~ =ll,13 (1 1) 

Note that to avoid any near parallel resonance 
condition on the combined distributor and filters 
configuration, the capacitances Cll = C13 should he 
chosen (see sec. 11-2.a-2) 
Now, using the MATLAB Optimization Toolbox 
routine minimax for minimizing the objective 
function with respect to the capacitance C, over the 
specified harmonic frequencies, that i s ,  550 Hz and 
650 Hz, it is found that the optimal solution is when 

C, = 15.5 pF. Next, using Eqns. (1) and (2), the 
optimal values of the filters parameters L and R are 
computed and given in Table 6. 

Table 6 The optimal values of the filters Parameters. 

Then the values of THDi, 'IUDy, and PI,,, are 
computed and given in Table 7. 

Table 7 The obtained results considering the filters 
optimal parameters. 

1 mi % I T H D ~  % / PI,,, @w) I AQct (W 1 

Note that, referring to the proposed filters parameters 
as given in Table 3, it is found that the filters cost 
equal 12.36 103LE. 
It is clear, from Tables 4 and 7, that the total active 
power loss for the two filters and the filters cost are 
decreased when the optimal R, L and C parameters 
values are chosen for the proposed two filters. 

3. IMPROVEMENT O F  THE POWER 
QUALITY CONSIDERING THE ARC 
FURNACE LOAD: 

It is considered, in this section, a real distributor 
which feeds, through a 0.4 km cable, the two arc 
furnaces of the Arab Company for Special Steel 
Factory, located in Sadat City. Fig. 14, shows the 
single line diagram of the considered distributor. 

42.17 fl 
T CR 

0-28 mm 

12.81 MVRR ISSShiVPR IF 
Fig. 14 Single line diagram for the considered real distribution system. 
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Despite the connected Nvo filters, it is found, i?om 
the power quality measurements on the 22.5 kV bus, 
that the current waveform is distorted (see Figs. 15-a, 
and b), and the current THD value exceeds the IEEE- 
Std. 519-1992, limit. This essentially means that for 
the considered distribution system, there is a power 
quality problem which should be improved. 

h- I ;M 
B 

-SW 

.,"M 

(I U ODs U01 U O W  U 02 
urns 1.=9 

Fig. 15-a The current waveform at the PCC. 

Harmonic order 

Fig. 15-b The current hannonic analysis at the PCC. 

As a fmt step for the distributor power quality 
problem improvement, the characteristics for the 

existed two filters are studied. It is found that the 
fust filter is a 31d harmonic tuned filter, while the 
second filter is a band-pass filter and it resonates at 
the second harmonic fkequency, as shown in Fig. 16. 

each of the connected two filters. 

Now, referring to Fig. 15-b, it can be shown that the 
5'' harmonic has the largest magnitude. Accordingly, 
it is proposed that a new 5" -tuned filter is designed 
and connected with the existed two filters. 
With the aid of the MATLAB-Simulink, the 
considered distributor with the three connected filters 
is simulated as shown in Fig. 17. It is found that, 
when the parameters R = 0.42 R, L = 27 mH and C = 
15 pF, are chosen for the new filter, the THDi value 
is less than the IEEE-Std. 519 limits and the resulted 
current waveform and its hannonic analysis are given 
as shown in Figs. 18-a and b. 

-& - Nonlinearload - 
Fig. 17 The MATLAB-Sirnulink simulation for the distribution system with the three filters. 
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Fig. 18-a The current waveform at the PCC. 

Fig. 18-b The current harmonic analysis at the PCC. 

In order to check an occurrence of near parallel 
resonance conditions for the distributor with the 
connected three filters, it is computed the system 
total impedance for different frequency values. Fig. 
19, shows the resulted impedance values, and 6om 
this figure it can be shown that the parallel resonance 
does not occur at, or near, one of the three filters 
tuned frequencies. 

Frequency (Hz) 

Fig. 19 Variations of the system equivalent 
impedance withy frequency. 

Finally, considering the manufacturing tolerance for 
the capacitance and inductance, it is found that the 
THDi is increased to 4.7 %, which is still less than 
the IEEE-Std. limits. 

4. CONCOLUSION 
In this paper, the power quality is improved for two 
considered real distribution systems. The first 
distribution system feeds a 12-puls converter load, 
while tbe second system is used for feeding an arc 
fumace load. The salient conclusions are: 
1- The capacitor standard voltage limits can be 

exceeded when smaller capacitance vaIues are 
chosen for the filter capacitors. 

2- Values of the current and voltage THD increase 
sharply when the filters with smaller capacitances 
are used. 

3- To avoid an occurrence of the parallel resonance 
near one of the frequencies to which the used 

filters are tuned, the filters should be designed 
such that their capacitances values are equal. 

4- Considering the capacitor and reactor 
manufacturing tolerance may lead to an 
occurrence of parallel resonance. 

5- A shunt capacitor may be used for improving the 
power quality problem resulted 6om an outage of 
one of the used filters. 

6- Choosing the optimal values for the filters R, L 
and C parameters can lead to a decrease in the 
filters costs and their active power losses. 

7- Two single tuned filters in addition to a band-pass 
filter should be used for improving the power 
quality problem resulted from an electric arc 
furnace load. 
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