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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 factory 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 (THD) of voltage
and current, preventing an occwirence of the paraliel resonance, the effect of a filter outage, the
effect of filter detuning, and the manufacturing tolerance of capacitors and reactors, the parameters
R, 1, and C are determined for each of the two filters. Furthermore, 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 IEEE-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 comected 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  current waveforms in distribution networks due to

power  quality on  distribution  system, harmonic pollution [2].

improvement of the power quality has become a Harmonics have been shown to have deleterious
research topic for the past 20 year [1]. 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 [3]. However, the degree of
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problems caused by harmonies is dependant on both
level of harmonic distortion and the characteristic of
the power system [4].

Flectric power converters and electric arc furnaces
(EAF) are the major sources of harmonics. While
power converters produce only odd harmenics, it is
found that "EAFs" produce odd and even harmonics.

One way fo 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 @,
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 2" and 3™
frequencies) and the typical value of Q is between 30
and 60 (for single tuned filter) [5,6]. The filter of low
O value, typically in the region of 0.5-5, has low
impedance over a wide range of higher frequencies
[7].

In Ref. [3], the authors discussed the design of each
of single tuned filters, high pass filters, and minimum
filters. Note that, minimwm 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 resomance frequency
decreased as the filter size (that is, the reactive power
supplied by a filter at fundamental frequency)
increased.

In Ref. [8), 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 modermn fuzzy linear
programming (FIP) techniques were used to obtain
the optimal values of the filters parameters
considering either the THD, or the filters cost.

The authors of Ref. [9], presented the solution
procedures required for applying multiple active
power filters to reduce the harmonic voltages and
tota]l 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 [10],
for improving the power quality resulted from a
converter load.

Three harmonic filters with a thyristor controlled
reactor (TCR) were used in Ref, [11], 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 nonlinear loads,
the first is the converter load, while the second is an
EAF are considered, For the first considered load, the
power %aﬁty problem is improved by using a 11®
and 13" single-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 curtent, a nonlinear optimization technique is
used to determine the optimal values of the filter R,
1., 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 Simulink in MATLAB package, the
parameters R, L and C needed for the new filter are
obtained.

2. IMPROVEMENT OF THE POWER
QUALITY PROBLEM CONSIDERING 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-pulse converter,

as shown in Fig. 1 {10].

v ¥

T
Cable ; 1,18 wh, 0313 pF, §.1130  PCC

?
o 11| M

36 Mva  Leadh Loady Load,
2=12.54 %

Fig. 1. The considered distribution system

12 puls eomvenior
Teal

Due to the cwrrent harmonics generated from 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 pumber of passengers in a train.
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Table 1 The measured harmonics voltage and current

at the PCC.
Loading | Harmonic T
conditions orcler Voltage (V) | Cuirent(4)
1" 115471 -13 | 3920.-20
Full load 1% 14661-31 | GIL-284
! 13" 1658 -119 | 57.41.-7.3

For the full load condition, Figs. 2-a through 2-c
show the current waveform and its harmonic analysis
in addition fo the voltage waveform at the PCC. It is

clear from these figures that the current and voltage
waveforms are highly distorted.
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Fig. 2-a The current waveform at the PCC.
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Fig. 2-b The harmonic analysis of the current at the
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Fig. 2-¢ The voliage waveform at the PCC.
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The measured THD wvalues for the voltage and
current 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

PCC.
THD of vollage (%) 2159 ]
THD of current (%6} 2137
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Now, in order to improve the considered distributor
power quality problem, (that is, to decrease the THD
values to their [EEE-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 THE TWO PROPOSED
FILTERS

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 uF.

Z, =004+ 01254 gy 0.01+ J0.00508

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

Zyr is the transformer impedance,

Zsh and Y, are series impedance and shunt
admittance of the distributor cable,
C is the connected capacitance.

& L3 13 100 120
Capacitance (micre farad)

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 carry out the

computation for obtaining each of the 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

R and L parameters are computed as [3],

L =1/wC 5

R=0,l/0 @
Op =21 % 50 x h, h=11 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.1. Determination of the peak and rms voltages
across each filter capacitor:

Assuming the capacitance C to he partitioned

between the two filters, the voltages Vipeax and Veus

are computed as,

Vpeak =V| +V.& (3)

Y tuas :\/(Vz)z'f'(yfx 2 )

where V) and Vy, are the fundamentai and harmonic
frequency voltages across the capacitor terminals,
respectively, and they are computed as follows,

Vi=I) Xc ()
Vn=In(Xc/h) 6
where I is the filter fundamental frequency current,

and I, is the filter harmonic current at its tuned

frequency. Xc is the filter capaciter 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 Vpeax and
Vrus for each filter capacitor are computed and
shown in Figs. 4-a and 4-b, respectively.
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Fig. 4-a The peak voltages across the 11" and 13™
filters capacitors for different capacitance values.
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Fig. 4-b The RMS voltages across the 11% and 13®
filters capacitors for different capacitance values.

Noting that, according to the IEFE-Std. 18-2002,
none of the following limitations can be exceeded
[12]:

1. 120 % of a capacitor rated peak voliage.

2. 110 % of a capacitor rated RMS 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 fregquency:

It is found, in practice, that a paralle]l 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
uF, between the two filters, and using the distributor
equivalent circuit, shown in Fig. 5-a, it is computed
the distributor equivalent impedance “Zgig” for
different frequency values. Note that, Zz) and Zpys
are the 11" and 13™ filters impedances, respectively.

I, ,PCC

1 <1
Zr Zg Zpy

Zr13
Yoo T Yo' Vo

l

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

source

Figs. 5-b and 5-c show values of the impedance
“Z4is” for unequal and equal division of the total
capacitance, respectively, between the two filters.
From these figures it can be seen that the parailel
resonance (that is, the larger values of Zgjs) 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.
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Fig. 5-¢ Variation of the system equivalent
impedance versus frequency for equal division of the
total capacitance.

2.2.a.3. Effect of the filters selected capacitances on
the voltuge and current total harmonic
distortion (THD):

The THD of current and voltage are computed from

the following two Eqns. [5],

THD: = }i 1} /1l ™)

THD. = [$'7 ) //, ®)

n=2

where 1; and V| are the magnitudes of the current
and voltage, respectively, at the fundamental
frequency. In 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 [. are obtained. Next, referring to
Fig. 3 and 5-a, the fundamental current and voltage
and the penetrating currents I ; and I;3, in addition to
the voltages V1; and Vi3 at the PCC are computed.

Figs. 6-a and 6-b, show the THD, and THD;
computed values for different capacitance values.
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Fig. 6-a The voltage THD values versus the selected
capacitances of the two filters.
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Fig. 6-b The current THD values versus the selected
capacitances of the two filters.

2.2.a4. Determination of the active power losses for
the two proposed filters:

For a single-tuned filter, the active power loss is

given as [3],

Pioss = (Izl + Izn) Re %

where Ry 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.

122
—~ 10}
E .
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= ":,. '-‘._‘. powoes loss i
-
8 4 * e, the A5~-filtar
e ) e
2 -
%M

1 5 10 15 20 25
Capacitance (micro farad)

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

Now, from the last section computations, the
capacitance C = 10 uF, may be chosen for each of the
two proposed filters. Hence, using Eqns. (1), and (2),
the comresponding values of each proposed filter
parameters R and L. are computed and given in Table
3 .
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"Fable 3 Parameters of the proposed two tuned filters,
11 —filter parameters 13% —filter parameters
R(Q) | L(mt)| CQF) | R(Q) | L(mH)| CuF)

0.289 8.37 10 0.244 6 10

For the two designed filters, values of the voltages
Vpeaks Vrus, the THD; and THDy, in addition to the
total active power loss (Pigss) are computed and given
in Table 4. From this table, it is clear that values of
the THD; 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, VRMS, THD, and P]oss for

noticed that larger values of THIDy; and Py, are
obtained when the tolerance is taken into
consideration.

Table 5 Values of Vpeak, Vrms, THD, and Plogs
considering the manufacturing tolerance.

THD; { THD, |Vausy Vo1t Vansiz Vp1z  [Pross
% % PU. {py |BU {pU (kW

6.8 .9 1.007 [1.164 (1.004 }1.05 ]807

Now, considering the manufacturing tolerance, the
impedance Zjs 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 frequency.

the designed two filters,
Vevsn | Ve | Vessz | Ve THD; | THD. | P
P.U. PU P PIL Y %8 EW
1.01 1.09 1.003 1.07 0.45 0,12 3.2

Fig. 8 shows the current waveform at the PCC after
connecting the designed two filters.
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a.o1 o.g2 n.o3a n.na .05
timeo (sec)

Fig. 8 The Current waveform at the PCC after
connecting the two designed filters.

2.2.b. The distributor power quality studies

considering the manufacturing tolerance, the
detuning effect and 2 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.1. The power quality studies considering the
manufacturing tolerance:
Considering the standard manufacturing tolerance
values, which are 10 % and 5% for the filter
capacitance and inductance, respectively [14, 15}, it
is carried out the computations of the voltages Vpeak,
Vius, the THD; and THDy, in addition to the filters
losses, The obtained results are given in Table 5. It is

194
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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 result

in a filter detuning are:

1- The power system frequency may change, thus
causing the harmonic frequency to change
proportionally.

2- The capacitance may be changed due to the aging
effect and the temperature variations. ‘
Now, taking the systemn frequency variation to be £2
9%, it is found, referring to Fig. 10, that values of the
distributor impedance Zg, will increase with very
small values when the system frequency variations

are taken into consideration.

40
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T T T
.

System Tmpedance {shm}
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g!ﬂ 540 55D 561 B0O 837 G50 BE
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Fig. 10 The distributor equivalent impedance
considering variation of the system frequency.
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Considering the effect of aging and temperature 500,
variation, the filter capacitance, may be changed by 4un
about 3 % [6]. It is found, referring to Fig. 11, that . on
values of the tuned frequencies for the two proposed g‘ ang
filters decreases when the effect of aging and o teak
temperature variation is considered. g o
40 . g—ﬂ!ﬂ ‘
asl £ : ~200
E | .« ! | w3t
€90 r . -AQUp-
£ a5} : e ~EHR e - 7
8 - ] .0 (1] R s (]
g20 * e b time (sec)
€ 15| consuermate 1% . Fig. 12 The current waveform at the PCC when the
z | ot il 3 S 11* filter is switched off,
5] In order to improve the power quality resulted from
1= o e 850 s =1 the 11® filter outage, it is proposed that a shunt

Frequency (HZ)
Fig. 11 Variations of the systern impedance

considering the aging and temperature effect.

2.2.b.3. The power quality studies considering a one
Jilter outage:

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

capacitor bank to be connected at the PCC. Using thc
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 THD;
value can be less than the IEEE-Std. 519-92 limit,
when the commected capacitor capacitance equals
20uF.

It is of importance to note that the needed
capacitance is equal to 200 % the removed filter
capacitance.
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-Centinuous DEL L fsignal THD —] [
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Fig. 13 The MATLAB-Simulink model of the considered dleI‘lbUtOl‘ systemi.
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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) function J is chosen to be a function of
the filters total capacitance C, = Cyy+Cy3, and it is
taken in the form,

J(C)=on THDi+a; THD, +ot3Ct0y Progg+oisAQg: (10}
The constraints are given as,

SuF=Cy <50 pF

5 uF £ Cy3 <50pF

Note that, the weights oy, i =1, 2,.., 5 are chosen so

that each of the five terms make an approximately
equal contribution to the objective function.

In Eqn. (10), values of THD; apd THD, are
computed by using Eqns. (7) and (8), and Pjgss is sum
of the two filters active power losses Py and Pyjs,
which can be computed by using Eqn. (9). Also, A is
the capacitor cost, which is equal to 170x10° LE /
MVAr. The total reactive power Qg = Qeiy + Qess
where the capacitor reactive power Qc, is computed
as,

O ={I} [0 0. )+{15 fw,hC, )i =11,13 (11)
Note that to avoid any near parallel resonance
condition on the combined distributor and filters
configuration, the capacitances C;; = Ci3 should be
chosen (see sec. I1-2.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 is , 350 Hz and
650 He, it is found that the optimal solution is when

El’l RS

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.

11 —filter parameters 13" —filter patameters

R(Q) | L(uH) CQF) | R | L{mH); CQE)

037341 108 ] 775 | 0316 7.7 7.5

Then the values of THD;, THDy, and Plgs are
computed and given in Table 7.

Table 7 The obtained results considering the filters

optimal parameters.
THD; % THDy % | Plos, (W) | AQc (LE)
.54 .15 3.02 9.758 x10°

Note that, referring to the proposed filters parameters
as given in Table 3, it is found that the filters cost
equal 12.36 10°LE.

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 OF 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.

220k7
80 MVA
10.08 %
Vith
018mH
Cabke (0318 1€
0180 .

TCR
0-28 hiVAR

12.81 MR

Fig. 14 Single line diagram for the considered real distribution system.

196 Engineering Research Journal, Minoufiva University, Vol. 32, No. 2, April 2009




E. Saad, H. Shaaban, G. A. Morsy, "Power Quality Improvement for Are Furnace and Converter Fed ..."

Despite the connected two filters, it is found, from
the power quality measurements on the 22.5 kV bus,
that the cirrent 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.

wau[
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. Current {amp)
«

{ 4085 oy [1%: 3 51 (1)
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Fig. 15-a The current waveform at the PCC,
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Fig. 15-b The current harmonic analysis at the PCC.

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

existed two filters are studied. It is found that the
first filter is a 3™ harmonic tuned filter, while the
second filter is a band-pass filter and it resonates at
the second harmonic frequency, as shown in Fig. 16.

: F i
HEE

i e it 2y R
Flg 16 The ﬁlter 1mpedance Versus ﬁequency for
each of the connected two filters.

Now referring to Fig. 15-b, it can be shown that the
5™ harmonic has the largest magnitude. Accordmgly,
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=042 Q, L =27mH and C=
15 uF, are chosen for the new filter, the THD, value
is less than the IEEE-Std. 519 limits and the resulted
current waveform and its harmonic analysis are given
as shown in Figs. 18-a and b.
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Fig. 17 The MATLAB-Simulink simulation for the distribution system with the three filters.
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Fig. 18-a The current waveform at the PCC,
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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 from
this figure it can be shown that the parallel resonance
does not occur at, or near, one of the three filters
tuned frequencies.
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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
THD; 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 the second system is used for feeding an arc
furnace load. The salient conclusions are:

1- The capacitor standard voltage limits can be
exceeded when smaller capacitance values 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  ftolerance may lead to an
occurrence of parallel resonance.

5~ A shunt capacitor may be used for improving the
power quality problem resulted from 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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