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A Study on the Improvement for Power Quality Problems Caused
by Electrical Arc Furnace in Power Systems
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Abstract This paper deals with a powerful countermeasure for power quality problems caused by the operation
of electrical arc furnace in bulk power systems. The rapid active load fluctuations of electrical arc furnace could
produce several problems such as voltage flicker and active power oscillations. The typical methods using only
the reactive power compensation have their own limitation in solving the power quality problems caused by
active load variations. The coordination of both active and reactive power compensation is required to solve the
power quality problems. This paper focuses on the impacts and the dynamic phenomena caused by the active
load fluctuation. This paper proposes the optimal algorithm for the active power compensation based on the
function of X/R ratio and the concepts for the active power compensation. The results from a case study show
that the proposed methods can be a practical tool for the power quality problems in power systems.
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1. Introduction reactive power, cannot be solved completely by using

. only the reactive compensation methods. Even though
With the development of industry and the improvement -
) ) . reactive power compensation by the existing methods
of living standards, better quality in power electric service ) )
has been useful in solving the power factor and
is required more than ever before. Up to now, the power ) )
. harmonics, but has been limited in the problems of the
quality problems have been studied by using only reactive ) ) )
) voltage flicker and active power fluctuation. The active
power control methods based on the power electronics o
e "load may cause the voltage drop and the angle variation
devices such as SVC and STATCOMP"™". However, the . o
at the critical buses. These phase angle variations and
power quality problems by the electrical arc furnace ) ) B ]
active power fluctuations can bring stability problems in
(EAF), which has the rapid fluctuation of both active and
the bulk power systems. Even the shaft angle of the

'School of Electrical &Computer Engineering, Chungbuk generators in the nearby system oscillates because of the
National University
ZSchool of Information Technology, Korea University of

fluctuation of the active load. That could be harmful to

Technology and Eduaction the generator shaft and reduce the life of generator

"Corresponding author : Jae-Eon Kim(jekim@cbnu.ac.kr) dramatically. Under these circumstances, to solve the
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problems of the power quality caused by EAF, the active
power compensation method needsto be developed. In this
paper, the authors have studied the countermeasure for
power quality problems caused by the active load as well
as the reactive load. The paper is mainly divided into four
sections. Chapter II presents the modeling of electrical arc
furnace (EAF) and power
FACT/ESS for PSS/E simulations. Chapter III shows the

system including the

algorithm for X/R ratio calculation in order to analyze the
exact reason why the active load affects a power system
voltage. Chapter IV proposes theoretical background of
the active power compensation for the power quality
problems caused by active or reactive load. Especially, the
compensation of active power is adapted to solve the
voltage oscillation and power fluctuation problems.
Chapter V shows the simulation results for the practical
power system. The results show that the exclusive
reactive power compensation has limitation in solving the
power quality problems caused by both the active and
reactive load like EAF. The paper also adopts the
FACTS/ESS as a powerful means for the compensators

with both active and reactive power control capability.

ll. Modeling of system parameters

In order to solve the power quality problems caused by
rapid fluctuation of active load like EAF, this paper firstly
proposes the modeling of electrical arc furnace (EAF) and
also presents the power system modeling considering the

FACT/ESS to perform simulations using the PSS/E.

A. Modeling for electrical arc furnace (EAF)

An electrical arc furnace (EAF) has characteristics to
change the electrical energy into thermal energy by using
electric arc in the furnace. During the arc furnace
operation, the random property of arc melting process and
the control system will cause serious power quality
problems to the power systemP!!. The fundamental
component of the current absorbed by the EAF produces
the voltage fluctuations called a flicker in the nearby
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distribution system. The voltage changes as much as
0.3~1% with frequencies between 2 and 8 HzP!'"™®. Many
methods have been proposed to more precisely represent
characteristics of EAF and to study its impacts on power
systems. These include the nonlinear resistance models,
current source models, voltage source models, the
nonlinear time varying voltage source model, nonlinear
time varying resistance models, frequency domain models,
and power balance models, etc PU'M)

This paper presents a practical arc furnace model to
solve the power quality problemscaused by EAF. The
EAF model contains a resistor and a reactor in a random
operation mode to display the dynamiccharacteristics of
EAF. Because the focus here is to study the voltage
flicker problem solutions by using PSS/E simulation
software, the most severe case in the frequencies and
magnitudes of EAF voltage fluctuations is considered in
the proposed model. The simplified arc model can supply
a variation of voltage at about 0.3 ~ 1% at a frequency
around 5Hz to PSS/E simulation software. As shown in
Fig 1, the simplified model of EAF represents the
periodic absorbing of power (active or reactive) from
power systems. The instantaneous fluctuations with large
amplitudes of active and reactive power are the main
source of various power quality disturbances in power

systems.
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Fig. 1. Simplified model for electric arc furnace
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B. Modeling for power systems with
FACT/ESS

Several studies on the effect and mitigation of voltage
flicker from the operation of an EAF in power systems
have been reported. The studies have also discovered that
the neighboring distribution network inherently resonate
an active oscillation.The power electronic devices being
capable of switchingat high power have led to the
applications of SVC and STATCOM. These devices have
been able to solve the power quality problems in

and transmission by

[1H[3]

distribution systems rapidly
controlling reactive power P

However, the power quality problems caused by an
EAF are quite different. The rapid fluctuation of active
power can cause phase angle variations at critical buses.
These phase angle variations and active power fluctuation
can cause stability problem in the bulk power system
P[10),[11]P. The typical devices only using reactive
power compensation have their limitation for dealing with
the active power fluctuation, so that this paper adapts
FACT/ESS device with active power compensation. The
modeling for the power systems interconnected with
FACT/ESS is shown in Fig. 2 and the operation mode of
FACT/ESS is Fig. 3.

With the advance in both energy storage technologies
and the power electronics interface, energy storage
systems (ESS) have become as a useful technology for
power utilities. The power industry’s demands for more
flexible, reliable and fast active power compensation
devices make the ideal opportunity for ESS
applicationsP[4]'[5]. ESS makes it as a possibility to use
active power compensation in solving the power quality

problems caused by active load.

Coupling
Inductor

Fig. 2. Modeling for power systems with FACT/ESS
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Fig. 3. Operation mode of FACT/ESS

C. Modeling for PSS/E Simulation

The power system simulator for engineering (PSS/E)
software, which has the ability to deal with a large-scale
power system, is adopted to simulate the power quality
problems caused by EAF. Fig. 4 shows the function
diagram to perform the dynamic analysis using PSS/E.

POWER-FLOW Sync Gen
l MVA Load for EAF }—-' Solver for FACTS/ESS
¥
Starting point for
dynarmic analysis
I Dynamic Data for
FACTS/ESS
Sw'z?‘gg‘?g:gnce s Dynamic Analysis
Control Strategy of
N S FACTSESS
System Response

Fig. 4. Diagram for simulation using PSS/E

IIl. X/R Calculation algorithm

In general, X/R ratio in power systems is very
important factor when we study the effect of active and
reactive load on the voltage and angle fluctuation in the
power systeum, The voltage effect of active power is
reflected by the real part of system impedance (Thevenin
impedance) RBg. Up to now, it is commonly accepted
that the X/R ratio is large value (over 10) enough to
ignore the voltage drop caused by the active power.
However, the typical approach to calculate X/R ratio

could be incorrect by considering only the upper
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transformer and transmission line. This paper presents
new algorithm to consider all of the system parameters
including the load. In other words, the R and X are not
only proportional to the impedance of the upper
transformers and transmission lines, but to the Thevenin
impedance seen from the PCC bus of the entire system as
shown in Fig. 5. At the PCC bus, the whole power
system can be seen as a power source connected with an
active load and a reactive load as shown in Fig. 5 (a).

The Thevenin equivalent circuit is shown in Fig. 5 (b).

PCC Bus

Fig. 5. Thevenin equivalent circuit at PCC bus

The X/R ratiousing the Thevenin equivalent circuit can

be calculated as follows:

<Step 1> Obtain the total impedance of generators (Z)
and the equivalent impedance of the
transmission lines (Zr)

<Step 2> Calculate the total power (P, Qus)

<Step 3> Assume Viibase and Sase

<Step 4> Calculate the Zps.

V 2
Z LLbase
b,

= S base (1 )

<Step 5> Calculate the estimated total load impedance

2
RLoad = ‘/LIL:‘“C

Vi
X ot = QLE @

<Step 6> Obtain the X/R ratio based on the Fig. 5
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Now, the detailed analysis of the X/R ratio on voltage
impact is given here. The equivalent impedance (X», Rs)
shown in Fig. 6 is the Thevenin equivalent of the whole
power system looking at PCC bus. Uy is the source
voltage of the Thevenin equivalent circuit. The X/R ratio
is not that of the upper transmission line or upper
transformer but that of the Thevenin equivalent impedance
(Xn, Ra).

Uy
X, R,
U, (PCo)
L| %
U

Fig. 6. X/R ratio calculation

In Fig. 6, the voltage drop of EAF is AU, which
contains a real part AU, and a reactive part AU, It is
obtained by the following equations (3) - (6):

Ve

) R
AU=—171_ * X (sin ¢ + —2*¢os
3 L ,(sin @ X ?)

a 3)
Ny
AUP = —3—1@ * Rn
V3
AU4=_3_IH¢1*XH 1C))
1, =1,cos ¢
1, =1,sing )
AUP:&"_*ELz_'R_”*(tan ¢)_]
AU, I, X, X, (6)

IV. Backgrounds for active power
compensation

The general scheme of power systems interconnected
with EAF and FACTS/ESS can be expressed as shown in
Fig. 7. The operation of the EAF can cause not onlythe
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fluctuation of the voltage and angle of the PCC bus, but
also cause the fluctuation of generator angle, generator
active and reactive power output in the nearby power
system. The fluctuation of generator angles will cause the
fluctuation of active and reactive power output of every
generator. The power flow of the power system can
change according to this fluctuation, meaning the power
distribution of the entire system will change. That may
create serious stability problems in the bulk power
system, especially to the critical bus and generators. That
is very harmful to the generator shaft as well.
Following is an analysis on the above phenomena. The

generator stator voltage equation is as follows:

[ Tnatian ha |
1 Power Supply System :
! ——— v —— -
Active or Reactive
Compensator INTERMEDIATE BUS

$

Active or Reactive
Load

Fig. 7. General scheme of power systems

U, = py, -l
Uy, = py,— I,
u,= py,—r,i, Y]
where, p=d/dt, 1, is the coil resistance of each phase.
The rotor voltage equation of generator is being as

follows:

Up=pY p+Idg

u,=pyp+r,i,=0
Uy=pYo+ry,=0 ®
where, 11, 1p and rq is the resistance of the f, D and

Q coil, respectively.
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Combining equations (7) and (8), the following vector

equation is obtained:

where,

T
u=(u,,u,u,,U,Up,U,)
— T
‘l’ _('//g,'//b:'//c"//fal//paylo)
I =diag(r,,1,,1,, T¢I, Iy)
s . . .. c\NT
1= (_Ig ,—Ibs_lwlfs]]),IQ)

The instant output active power of generator is as

follows:

P=ui +uJg+ui (10)

The magnetic-electric torque is as follows:

1 . . ..
7:::=pp:/-?['//a(lb_Ic)+‘//b(1c_la)+vlc(la_Ib)]
0
-1
1

1
0
-1

-1
1
0

= Pp_l q’:k Ve
V3
an

where, pp is the pole pairs of generator.

The generator rotor motion equation is as follows:

(12)

As we know, the operation of the periodic active and
reactive load can cause not only the voltage and angle
fluctuation of the PCC bus, but can also cause the voltage
and angle fluctuation on other feeders connected to the

PCC bus, including the feeders of generators in the
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nearby power system. From equation (7), (8) and (9) we
know that the voltage Uwc change can cause the change
of current iae. The fluctuation of Ugpe and i will bring
the generator output active power fluctuation according to
equation (10). The iux. change will cause the change of T.
with the same trend. Because the input mechanical power
(or torque) of the generator cannot change within such a
short period of time, the swing of T, finally causes the
generator angle fluctuation with the same frequency.

In a multi-machine system, the active and reactive

output powers of generators are as shown in equation

13).

P;,=E}G,+ (E,E,;B;sin 6; + E.E;G;cos §,)

J=1
Jei

Q.,=-EB, + Zl (E,E,G;sin 8, — E,E B;cos 5;)
<

Jei

(13)

V. Simulation and Analysis

A, Impacts of Active Load Fluctuation

In this study, the Eastern U.S. system that contains the
major portion of the NERC (North American Electric
Reliability Council) is used. It is comprehensivesystem
containing high-level 765kV transmission circuits and
lower voltage distribution circuits. There are about 2,313
generators and 10,808 buses in the system. The capacity
of the entire system is about 60.8GVA, containing
13.7GVAR reactive
generation. The load of the system is about 58.5GW
active load and 20.4GVAR reactive load. In additions, the

59.2GW active generation and

EAF with the periodic load characteristics as shown in
Fig.1 is located in the substation. The substationbelongs
to HOEGANAES Corp in Tennessee Valley Authority
(TVA) system in Fig. 8. Nearby, there is a steam station
containing 4 generator units at Gallatin in Tennessee.
Fig. 9 shows the voltage magnitude fluctuation at the
PCC bus by the periodic active load or reactive load of
the EAF. The voltage drop by the 30MVAR reactive load
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is more than about 3 times of that caused by 30MW
active load. Fig. 10 shows the PCC bus angle fluctuation
by the EAF. The 30MW active load brings much
laréerbus angle fluctuation than that by 30MVAR reactive
load. The bus angle fluctuation caused by active load has
the opposite phase of that caused by the reactive load. For
the generators in the nearby system, the generator angle
oscillates according to the pulsing active load and reactive
load. Fig. 11 shows that the angle oscillation of the Unit
4 generator caused by 30MW active load is larger than
that by the same amount of reactive load. The angle
oscillation caused by the EAF also show the opposite
phase phenomenon as that in Fig. 10. In addition, Fig.12
shows that 30MW active load can cause more Unit 4
generator output active power fluctuation than that by the
30MVAR reactive load. On the contrary, the 30MVAR
reactive load causes more generatorreactive power output
oscillation than that by the same value of active load as
shown in Fig. 13. It should be noted that Unitl, Unit2
and Unit3 exhibit the same active power, reactive power,
and angle fluctuation characteristics as that of Unit4.
From Fig. 9 to Fig. 13, we can see that the impact of
active load and reactive load on the power quality is quite
different. Thus the compensation methods for the power
quality problems caused by different kinds load should be
different. We can also recognize that the active load can
cause severe power quality problems associated with
angle and active power flow and the reactive load can
bring more severe problems associated with voltage and

reactive power flow

iner Supply System

HOEGANAES

CORP,
S0MVA, 9.86%
161138 kV
Unitl Unit2 Unmit3 Unit4
FACT/ESS GALLATIN
Are. STEAM
Furnace Losd

Fig. 8. Configuration of the practical power system
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Fig. 9. Voltage drop at PCC bus caused by EAF
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Fig. 10. PCC bus angle oscillation caused by EAF
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Fig. 11. Generator angle dynamics caused by EAF
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Fig. 12. Generator active power output oscillation caused
by EAF
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Fig. 13. Generator reactive power output oscillation
caused by EAF

B. Active Power Compensation

This paper adapts FACT/ESS as the compensator of
the active power as shown in Fig. 14. The 30MW active
power is controlled by the FACT/ESSwhen the 30MW
active load or the 30MVAR reactive load according to the

operation of EAF is absorbed from power system.

e
w
]

e
[

&

e
N

0.1

Compensated Active Power (X100MW)
e

5

32

w

31 33 3.4 35 36

Time (seconds)

3.7 38 39 4

Fig. 14. Active power output (30MW) of FACT/ESS

Fig. 15 shows that the 30MW active power of
FACT/ESS can completely mitigate the voltage flicker by
the 30MW active load fluctuation of EAF. But the 30MW
active power cannot mitigate the voltage fluctuation
caused by 30MVAR reactive load thoroughly because of
the X/R ratio issue. Fig. 16 is the effect of bus angle
control by the active power compensation. There is no
bus angle oscillation caused by the 30MW active load
after compensation. According to the opposite of the
phase phenomenon shown in Fig. 10, the bus angle

caused by 30MVAR reactive load increases even after the

compensation. The 30MW active power compensation
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stimulates the bus angle oscillation on the contrary. In
practice, the change of active and reactive loads of EAF
isnot as sharp as shown in this paper. They have the slope
of the active and reactive power in the rising time.
Therefore the spikes in figures of simulation results (Fig.
16through Fig. 19) will not be so high.

In additions, Fig. 18 shows that the active power
compensation by the FACT/ESS increases the angle
oscillation of generator in the vicinity of the EAF by
comparison with Fig. 11. The reason is also the opposite
of the phase phenomenon shown in Fig. 10. The 30MW
active power compensation is also an extra load for this
generator when the 30MVAR reactive load is on. In spite
of the angle oscillation improvement in Fig. 16 and Fig.
17, generator output active power oscillates more than
that before compensation for the 30MVAR reactive load
case as shown in Fig. 18. By comparing with the value
in Fig. 12, the generator reactive power oscillation in Fig.
19 is smaller after the compensation for the 30MVAR
reactive load case because the voltage fluctuation can be

reduced as shown in Fig. 15.
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The results above mentioned show that the active
power compensation can solve the power quality problems
caused by active load fluctuation in a perfect manner.
Both the voltage drop andthe angle fluctuation can be
compensated  thoroughly. But if active power
compensation is applied to solve the power quality
problems caused by reactive load, things are quite
different. The active power compensation can mitigate the
voltage flicker induced by reactive load, but the amount

of compensated active power should be several times
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(proportional to the X/R ratio) of the amount of reactive
load to mitigate the voltage drop completely. The nearby
generator reactive power output oscillation can be reduced
because of the voltage control effects. For the reactive
load, the voltage flicker mitigation control by active
power compensation will increase the bus angle
oscillation, thus increase the nearby generator angle
oscillation and generator output active power oscillation.
According to the results, it is verified that FACTS/ESS
with the active and reactive power control capability
provides significant improvements in mitigating power
conventional

quality problems compared with the

methods.

VI. Conclusions

In this paper, the authors have discussed the powerful
means for power quality problems based on the active
power compensation using the FACTS/ESS. By applying
them to practical power system, their effectiveness was

illustrated and demonstrated as follows.

(1) A practical arc furnace model to solve the power
quality problems caused by EAF is presented. The
EAF model contains a resistor and a reactor in a
random operation mode to display the dynamic
characteristics of EAF.

(2) It is verified that the impact of active load and
reactive load on the power quality is quite
different. The active load can cause severe power
quality problems associated with angle and active
power flow and the reactive load can bring more
severe problems associated with voltage and
reactive power flow.

(3) It is commonly accepted that the X/R ratiovalues of
typical

transformer and transmission line, are very large

methods, considering only the upper
enough to ignore the voltage drop caused by the
active power. However, the X/R values by the

proposed method are much less than the value
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known to be typical. It is clear that we need to pay
attention to the role of active power compensation
when we study the voltage flicker caused by EAF.
(4) The typical methods using only the reactive power
compensation method have their own limitation in
solving the power quality problems caused by
active load variations. The coordination of both
active power compensation and reactive power
compensation is an ideal method to solve the
power quality problems.
(5) The FACTS/ESS with theactive and reactive power
control capability can provide significant
improvements in mitigating power quality problems
by the EAF in comparison with the conventional
compensation methods such as SVC and

STATCOM.

From the utility’s point of view, one of the most
important factors is the capital cost of the FACTS/ESSand
its operating cost. The price of the compensating system
is primarily influenced by the voltage level, power level,
technology used and compensator topology. The economic

analysis of the system could be a future research task.
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