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Abstract— Measurements and studies developed to mitigate
harmonic and flicker emission to public networks are presented
in this paper. Two different real cases are analyzed. The first one
is a new electric furnace with low power factor, which is added to
the load consisting of other existing furnaces. The installation had
a reactive compensation bank which, according to measurements
and studies, would cause harmonic resonance with weak public
networks. As technical solution, a dumped C—type filter was
designed, taking advantage of the existing bank, to comply with
limits established by ENRE 99/97 and IEEE 519/1992. The other
case deals with a 2.5 MW electric arc furnace fed from the
public MV network. The carried out measurements harmonics,
voltage and current unbalances, active and reactive power, power
factor and flicker determined that the high flicker level was the
most critical disturbance. In addition, the compensation factors
required to comply with reference levels and also to determine
the dimension of the suitable static compensator were calculated.

Index Terms — Electromagnetic Compatibility. Flicker.
Furnaces. Harmonic distortion. Power Quality.

1. INTRODUCTION

rgentinian regulations follow severe international criteria
Afor disturbances emitted from disturbing loads to the

network. This is in order to ensure the electromagnetic
compatibility between the supplier and customers.

Meeting these regulations frequently requires studying
local measures to mitigate the perturbations injected by
disturbing loads into the electric distribution system.

Experiences developed in two real cases based on
measurements and studies, carried out to mitigate harmonic
and flicker emission, are presented in this paper.

The first case corresponds to a new electric furnace of
submerged anode and low power factor type, in an
Argentinian plant of products for steel making. Such furnace
was added to the load represented by other existing furnaces.

The plant is fed from the public MV distribution network at
13.2 kV. The new electrical installation was designed for a
14 MW low power factor furnace.
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The installation had a 14 MVAr modular compensation
bank to compensate reactive energy which, according to
studies and measurements, would cause some resonance with
the network. To take advantage of the existing bank, dumped
C-type and third order filters were simulated. Thus, limits
established by ENRE 99/97 and IEEE 519/1992 were fulfilled.

The other case deals with a 2.5 MW electric arc furnace for
steel melting fed from a 13.2 kV network. Measurements of
voltage and current harmonics and unbalances, active and
reactive powers, power factor and flicker were carried out.
The results determined that flicker was the most critical
disturbance. Then, it was calculated the compensation factor
required to comply with international and Argentinian
reference levels and to determine the suitable static
compensator size.

One of the purposes of this paper is to present technical
solutions for both cases.

II. CASE I: HARMONIC RESONANCE BETWEEN THE REACTIVE
COMPENSATION BANK AND THE NETWORK

An electric furnace of submerged anode and low power
factor type was added to other existing furnaces fed from
different supplies. A power factor compensation bank was
installed with the new furnace.

Since it was suspected that the connection of the
compensation bank would cause some resonance with the
network, it was mnot possible to connect it during the
measurements. Therefore, the effect of the capacitors had to be
studied by simulations.

A. Measurements

In order to characterize the phenomenon, measurements
were carried out for two periods. In each period, the furnace
was melting different products.

The recorded data (P, THD and harmonic currents) yield:

e Flicker: P, value not exceeded during 95% of the time
(worst phase) was Pgose,=1.01 in the first period and
Pio50,=0.57 in the second. The limit established by
Argentinian regulation is Pygse, = 1.
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¢ Voltage harmonics: THD value not exceeded during 95%
of the time (worst phase) was THDys, = 0.91% in the first
period and THDgss, =0.99% in the second. The limit
established by Argentinian regulation for MV networks is
THDQS% =8% [2]

¢ Current harmonics: Table I summarizes the statistics of
harmonic rms values averaged over 10-minute intervals.

TABLEI
HARMONIC RMS VALUES. STATISTICAL SUMMARY.

Fund| 12 13 14 15 16 17
s 8 lave |639.1] 2.06 464|092 |3.14 043 | 1.10
TS lgse, |663.3| 552 | 7.78 |2.73|4.80 | 1.49 | 1.89
o 8| lavs |844.8/1.35|5.05|052|545|0.37|148
“3 losy, |860.1| 1.73 | 7.23 | 0.89 | 6.98 | 0.65 [ 1.73

Recorded levels of voltage harmonics at 13.2 kV busbar
were under the limits established by Argentinian regulations.

In the case of flicker, the Py, levels were acceptable.

However, harmonic emission levels require a more detailed
study, due to the magnification effect that will be expected if
the capacitor bank is included.

B. Determination of network Q factor

That magnification ratio depends on the real Q factor of the
network. To determine this factor, the transient current due to
the insertion of a (7.2+4.8) MVAr modular bank was
recorded. This bank belonged to another furnace in service.

The transient corresponded to the insertion of the 4.8
MVAr stage while the 7.2 MV Ar stage was already operating.
Fig. 1 shows the transient current evolution in phase S. In this
figure, the fundamental current was filtered.
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Fig. 1. Transient current (without fundamental) during capacitor bank
insertion (Phase S).

A stable level of 5™ harmonic before the insertion is seen.
The oscillatory transient current, whose pulsation is @, can be
expressed as:

i) =1, sin(@y+@)e’" (1)
being:
1 T,
= f_a)o = Q; 2

the time in which the oscillation amplitude decreases to 1/e of
the initial amplitude. If T is measured in times (&) of the
oscillation period (T,=27/ @), then:

Fe= N T, 3)

In Fig. 1, T is 14 ms and substituting this value in (3)
ields:
4 “)

Then comparing (2) with (3), Q factor of the network yields:
O=Nr=27Tr=85 (5)

This is an important experimental result that will be used in

further simulations.

N=27

C. Study of the new furnace emission

In order to determine the furnace emission, limits regulated
by ENRE [1] and IEEE [3], adapted to furnace nominal
conditions (the current corresponding to a 14 MW demand
with PF = 0.85), were used as reference in Table II. In this
table, it was considered the supply in present conditions
(Ssc/S:<20), a foreseen improvement in the same MV supply
(20<S5c/5.<50), and an eventual future feeding from the HV
network (Ssc/S;>50).

The furnace emission levels were adopted as the highest
Igso, value for each component from Table 1. By comparison of
these emission levels to those shown in Table II, it was
concluded that the installation without the (5+ 5 +4) MVAr
bank would comply with the limits regulated by both ENRE
and IEEE, under the three considered possibilities of the
public network.

TABLEII
LIMITS OF HARMONIC EMISSION TO THE PUBLIC NETWORK.
ENRE 99/97 IEEE 519/1992
°0 Present MV Future HV
=
g Present MV
= and Ssc/SL < 20 | 20<Sg5:/S <50 | Ssc/SL> 50
[}
T future HV
% A % A % A % A
1 100 650 100 | 650 | 100 650 100 650
e R e ) W it
2 | 10 | 65 NNRNREBN 175 114 RE25R8aN
3 75 | 48.75 4 26 7 455 5 325
e :\ \ IR \\\
4| 25 | 1625 NANNEENREEHRAN N R2e e
5 | 6 | » Naaianmmnnizn
6 1 6.5 1 6.5 |1.75 114 1.25 8.1
7 51 | 33.15 4 26 7 455 5 325

Nevertheless, the operation of the plant without the
capacitor bank is not the usual operating condition, due to the
violation of the power factor limit established by ENRE.

To study the effect of connecting the compensation bank, it
was adopted the equivalent circuit of the furnace supplied
from the 13.2 kV public network, simplified to this end. This
model is depicted in Fig. 2.
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HV Network

Cable 2x400
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HV Network Equivalent

2.4 ..3.7mH | 132 kV Line

Furnace

132 /13.2 kV 0.14 .. 0.55 mH
30 MVA
13.2 kV 0.85<1<1.05 132 kv 132 kv

Fig. 2. Equivalent circuit of the furnace electric supplied from public
network. Values are referred to 13.2 kV.

In this figure, it is considered the effect of the transformer
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taps and variations of short circuit power (Sgc) upstream the
132 kV busbar. These Ssc variations were simulated by
different local generation conditions (2700 MVA, 3300 MVA
and 4300 MVA).

The compensation capacitors and the network form an RLC
circuit that tends to magnify the harmonic currents emitted by
the load (Fig. 3). The considered Q factor of the network is the
one obtained in the previous section.

13.2kV
Plant Bar
Furnace
< Network Equivalent
27...46mH
Q~8.5 @ 200/ 250Hz
0.12 mH S¢e ~ 130...230 MVA -
T T
5 5 4 MVAr

Fig. 3. Simplified circuit used to simulate harmonic emission including the
capacitors. Values are referred to 13.2 kV.

Fig. 4 shows the current transfer curves obtained from
different bank configurations and short circuit power
conditions at the supply point. For each bank stage, the
transfer curve varies along with the short circuit power of the
network, between the indicated extremes.
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Fig. 4. Ratio between the network current and the furnace current versus
frequency.

The worst magnification conditions, which were obtained
from the evolving curve, are summarized in Table III
Magnification values obtained for cero-sequence current
components were not applicable (capacitor bank with floating
neutral). That is why the corresponding coefficients were set
to one.

TABLE III
In/Ir RATIO. MAXIMUM VALUES EXPECTED WITH CAPACITORS CONNECTED.

Harmonic 1 2 3 4 5 6 7

Inln - | 17 1 83 | 83 1 51

If the capacitor bank was connected like in the original
project, harmonics emitted to the network could be predicted
by taking the maximum lose, from Table I (worst case), and
multiplying it by the corresponding magnification factor from
Table III. These results are summarized in Table IV. Values
higher than limits presented in Table II, were remarked in
Table IV. The exceeded limits were also remarked in Table II.

TABLEIV
FURNACE EMISSION LEVEL WITH CAPACITORS CONNECTED (WORST CASE)A
Harmonic 1 2 3 4 5 6 7
Magnified ) AR y 90
Magnif % | 100 Nt45Y 12 [[3E0N00Y 023 | 15
Emission lgse, A | 850 &&E 7.8 @& iﬁ&Q 15| 10

When the compensation capacitors are connected, the new
furnace harmonic emission will exceed the limits regulated by
both, ENRE and IEEE for the 4™ and 5™ components. The 2™
component will slightly exceed IEEE limits.

D. Mitigation procedures

Different mitigation procedures to comply with the
regulated limits were studied. The main purposes were:

e To use the installed capacitor bank without modifying
the existing installations.

e To minimize required works to
mitigating measures.

Studied alternatives used a series dumped filter common to
the three banks. The analyzed dumped filters were those
known as C-type (Fig. 5a) and third order (Fig. 5b).
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Fig. 5. Analyzed filters. (a) C-type. (b) Third Order.

Network Equivalent

Cases considered in this study are shown in Table V.

TABLE V
COMPONENT VALUES FOR SIMULATED CASES.
L R (o] rn
Case Type

[mH] [Q] | [WF] | [Q]

1 Without Filter | - | --- - -
2 C 3.18( 1.3 | 3180 | 0.04
3 3“Order |34| 1.1 | 550 | 0.04

Fig. 6 illustrates the Iy/Ir vs. frequency relationship for the
three studied cases, taking into account the different
conditions of Sgc and compensation.

For each component, it is convenient to express emission
limits in terms of the Iy/Ir ratio by calculating the ratio
between the limit of Table II and the worst Iosq, value of Table
1. The obtained results are summarized in Table VI.

Authorized licensed use limited to: MINCYT. Downloaded on November 03,2020 at 19:34:22 UTC from IEEE Xplore. Restrictions apply.



0 50 100 150 200 250 300 350 400 450 500
Frequency [Hz]

Fig. 6. Ratio between network current and current generated by the furnace as
a function of the frequency. (a) Case 1: without filter. (b) Case 2: C-Type
filter. (c) Case 3: Third order filter.

TABLE VI
MAXIMUM VALUES OF THE RATIO I/Ir FOR THE THREE SIMULATED CASES.

I max In/lF Maximum Allowed

NCE according Standard limits
o Case (from ENRE
£ Table V) ol IEEE 519/1992
£ MV HV
T 20<

IR Ml-X/y Sse <20 S Sse > 50
S SC <50
L L
L

T [ U U I U (U
2 Nraleay 118 12 2.1 15
311 |1 6.3 33 5.8 42
4 Pgafae] 23] 59 24 42 3.0
5 188y 35|31 58 3.7 6.5 47
6| 11|11 44 44 76 5.5
7 (51|24 |30] 175 13.8 24.1 172

For present supply conditions, the IEEE limits for the 2™
component could never be fulfilled and the 4™ component
could be slightly lower than IEEE limits only in case 3. This is
due to the extremely restrictive criteria of the Standard for
these components. However, measurements have revealed that
even components of emitted current could be appreciably
diminished depending on the produced compound. Thus,
according to the furnace typical production, it is possible that
those limits could actually be fulfilled.

For the other harmonics, any of the studied alternatives are
sufficient to maintain their values below regulated limits.

Table VII shows the characteristics of the filter components
and their requirements for each analyzed case. These values
were obtained by considering that:

¢ The nominal reactive power of the capacitor bank was
14 MVAr at 13.2 kV.

¢ Indicated requirements corresponded to a nominal 13.2
kV voltage and this value should be corrected for other
operating limits.

¢ Inductance and reactor losses were adopted taking into
account weight and size of the reactors, since an indoor
assembly was considered due to environmental pollution.

TABLE VII
FILTER ELEMENTS. CHARACTERISTICS AND REQUIREMENTS FOR EACH CASE.
Reactor to be " " Capacitor to [Existing
o installed ResisoRiols insidlied be installed | Bank
0
S L rn IL |Pregew| R | IR |Pr@pwy| € | Ucri | AUgsco
mH| Q A kW Q| A kw WF v %
11 - - -- -- -- - - - 0
213.18| 0.04 |568.0| 387 |13|17.6 1.2 3180 | 569.2 0.1
3134|004 |7848| 739 |1.1|1421| 66.6 550 | 582.0| 108

E. Comments

The best alternative is the C-Type filter (Case 2) due to the

following:

e A suitable filtering is obtained except for even
harmonics. This exception is true for all the
alternatives.

¢ The overvoltage in the capacitor bank is the lowest and
the normalized overload [4] will not be exceeded for
the present harmonic distortion.

e The current in the reactor is the lowest of the several
studied alternatives, which means a less voluminous
reactor (this element defines the volume of the
installation for the complete filter).

¢ The installation power losses are the lowest.

III. CASE II: FLICKER GENERATED BY AN ARC FURNACE AND
MITIGATION

The second case deals with an 8-ton electric arc furnace
(EAF) of 2.5 MW for steel melting. This furnace was
connected to the Argentinian distribution system.

The electrical one-line diagram of the power system is
shown in Fig. 7.

HV other
Network PCC T VSIS Steelwork
132113 2V
60 MWVA 1 Arc Furnace
Xec=17% Distribution transformer
IV cable
Q)
2
Fault Level Fault Level Fault Level v ¥y
Ssc= 2200 VA Ssco= 330 WVA Ssc = 180 MWVA
Arc Furnace
P=25NW

Power factor = 0.9

Fig. 7. Electrical system configuration.

As it can be seen, the steel industry is supplied directly
from public distribution network at 13.2 kV level.

After the furnace is charged with scrap, operation begins by
lowering the electrodes to strike electric arcs between the
electrodes and the scrap. Due to the random motion of the
electric arc and resulting changes in the arc length, there are
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random fluctuations in current, which cause voltage
fluctuations upstream the furnace in proportion to the system
impedance.

The main purpose for controlling voltage fluctuations in
power systems is to reduce their effect on domestic and
commercial customers, especially on the light output of
electrical lighting that causes annoyance to human beings
(phenomenon known as flicker).

A. Flicker Measurements

Flicker measurements were carried out by IITREE with an
IEC normalized flickermeter. Fig. 8 shows the normalized

one-week, 10-minute-interval P, measurements.
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Fig. 8. P, measurements during a week.

Obtained statistical results from the normalized flicker
measurement are shown in Table VIII.

TABLE VIII
STATISTICAL RESULTS OF FLICKER MEASUREMENTS.

Total observations of 10 minutes 1008
Pstose 2.21
Observations with Ps; > 1 288
Percent of measurement with Pg; > 1 28.6 %

The obtained value of P50, = 2.21 is above the limits of
European and Argentinian Standards.

The flicker emission limit, according to Argentinian
Standard [1], depends on both short circuit power of the
system at the PCC and the consumer power demand, as it can
be seen in Table IX.

TABLE IX
INDIVIDUAL FLICKER EMISSION LIMITS ACCORDING TO [l]
MV and HV customers
Individual Emission Limits
(1kV < U £ 220 kV)

(Pst)

K2 = sLlssc
K. < 0.005 0.37
0.005<K; < 0.01 0.46
0.01<K, o002 0.58
0.02<K, <003 0.67
0.03 <K, < 0.04 0.74
0.04 <K, 0.79

B. Verification of Pggse; and K, values obtained from
measurements

According to [5], the flicker emitted by the EAF could be
estimated by:

Pugor, = 48.....85 if“f (6)
IfPSZQQ% A 125 Pst95% then:
Pooss A 40......70 if“f %
For the studied arc furnace:
5.6
Pyose, A 40...... 70@ = 13262 ®)

The highest value is similar to the measured one.
An empirical prediction formula to estimate flicker level at
PCC is recommended for a.c. furnaces [6]:

Ky = Psr95% S =70
Sscf
Sscr= 5.6 MVAis the EAF short circuit power.
Ssc= 180 MVA is the network short circuit power.
Ky 1s a flicker emission coefficient. A value of K
should be considered in the range from 40 to 80.

)

C. Flicker improvement ratio (FI)

The EAF apparent power could be determined according to
the power factor limit described in [1].

6
S — 2.5x10 (10)
0.85

Then, the ratio between EAF apparent power and the short
circuit level at the steel industry substation can be estimated.

6
,SL _2.95x10 an
Sse 180x10°

With this K, value, the maximum flicker that could be
emitted by the steel industry can be obtained from Table IX:

Py rimir <0.58 (12)
Thus, the flicker improvement ratio can be obtained:
FI = Pstreal _ 2.2 _
Pst Limit 0.58

This parameter is essential to determine the flicker
compensator size.

=2.95 MVA

=0.016

3.8 (13)

D. Flicker propagation

The relationship between flicker and short circuit power in
two nodes of the network could be estimated by:

Sscl (14)
sc2

Results obtained for the present case are shown in Table X.

Pst2 = Psi1

TABLE X
FLICKER PROPAGATION
Steel industry PCC HV
Busbar (13.2 kV) | (13.2 kV) network
Short circuit Power (MVA) 180 330 2000
Flicker level (Psg5%) 2.2 1.2 0.2

E. Minimum short circuit power to avoid compensation

In order to comply with [1], and according to the first line
of Table IX, the minimum P,; emission limit is:

Potimi =037
From (14), it is possible to calculate the minimum short circuit
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power at the steel industry busbar to comply with this
emission limit. For the present case Py, and Ssc values are:

Py=22 Ssc1 = 180 MVA
Then, to reach the condition:
Pst2 < Pstlelt 0 37

from (14), the Sgc; required value yields:
Sscr = 1100 MVA

If the short circuit power at the steel industry busbar is
1100 MVA or higher, flicker compensation will not be
necessary. This technical solution could be implemented by
connecting the steel industry to the HV network (132 kV).

F. Compensator Rating

The most effective way to control voltage fluctuations and
therefore, to limit flicker is to compensate the reactive power
variations of the fluctuating loads at medium/high voltage
levels. The fast response of the Static Compensator
(STATCOM) makes it an efficient solution for improving
power quality in distribution systems.

In order to estimate the rating for an EAF STATCOM, an
approximate equation is given in [7] and reproduced here:

QOsrarcon = 0.54 - (FI) - Sratedur

FT=13.8 is the flicker improvement ratio.

Srateaar = 0.65-Sr= 3.7 MVA is the EAF rating.
Seer= 5.6 MVA is the EAF fault level.

The compensator rating is then:
Qsrarcom=0.54-43.8-3.7= 4MVAr

IV. CONCLUSIONS

The sequence of procedures followed in this work is that
arising from a good engineering practice: measurement,
evaluation, model parameter attainment, definition and further
implementation of mitigation alternatives.

In the first case, the installation had a reactive
compensation bank which, according to measurements and
studies, would cause harmonic magnification. Different
mitigation measures to comply with the regulated limits were
studied. A C-type dumped filter was chosen and then
designed. It was a great goal to measure Q factor through
switching banks. This case also puts in evidence the different
criteria of severity from IEEE and international (IEC)
standards.

In the second case, the flicker level measured in the steel
industry busbar was high and exceeded the reference level.
The first solution deals with the connection of the steel
industry to the immediate high voltage level. The second
solution deals with the installation of a STATCOM-type
compensator, whose basic characteristics have been
established. Either choice should be made according to
technical and economic factors.

Authors expect that this work can be used as a guide for
other cases involving electric furnaces.
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