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Abstract: Conventionally, DC arc furnaces are fed by thyristor rectifiers to control the level of current
or power transferred to the load. With the advancement of high-power transistors, other structures
such as diode rectifiers and DC choppers have been introduced and developed for the feeding system
of DC electric arc furnaces. In this paper, the effect of different power supply systems on power
quality indexes is discussed. In this regard, two types of feeding systems are considered, including
a power supply system based on thyristor rectifiers and a power supply system based on diode
rectifiers and DC choppers. In addition, different control methods, including constant current control
(CCC) and constant power control (CPC), on DC electric arc furnaces are applied. For evaluating the
power quality indexes, voltage and current harmonic distortion, unbalance of voltage and current,
and power factor on the AC side are investigated for different power supply systems. Simulation
results were performed with PSCAD/EMTDC software. It is shown that the power supply systems
with diode rectifiers and DC choppers have superiority in comparison to the types based on thyristor
rectifiers. According to the results, the average current THD is reduced from 16.55% in the thyristor
rectifier to 8.40% in the chopper rectifiers with the CCC method and from 19.27% in the thyristor
rectifier to 7.38% in the chopper rectifiers with the CPC method. Moreover, the average voltage
THD is reduced from 5.67% in the thyristor rectifier to 3.02% in the chopper rectifiers with the CCC
method. The result is similar to the CPC method. Furthermore, for a specific power supply system,
the harmonic distortion is lower in the case of the CPC method than in the CCC method.

Keywords: DC electric arc furnace; feeding system; harmonic distortion; power quality; total
harmonic distortion; unbalance

1. Introduction

With rapid advances in semiconductor technology and the improved performance of
high-power AC/DC converters, DC electric arc furnaces have become increasingly popular
among steel producers. In these furnaces, a DC current flows through the molten material
and the arc, and the current circuit is closed through the graphite electrodes. The main
characteristic of these loads is the rapid changes in the absorbed power, which happens
especially in the first stage of melting. During this stage, the arc has critical conditions;
because the arc is unstable, it continuously becomes a short circuit and an open circuit.
These furnaces have all the functional advantages of AC electric arc furnaces, which have
been obtained as a result of the evolution of electrical designs and metallurgical processes.
In addition, DC arc furnaces are preferable to AC electric arc furnaces from different
aspects such as the amount of electrode consumption, energy consumption, control of
voltage flicker, movement and mixing of materials, melting in molten bath, fewer network
disturbances, and better heat distribution [1].

Until now, various structures have been presented for the feeding system of DC
electric arc furnaces, which can be classified into two main categories. The first category
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includes power sources based on thyristor rectifiers, and the second category includes
power sources based on diode rectifiers with DC–DC converters. According to the literature,
some of the challenges that DC electric arc furnaces face include voltage and current
harmonic distortion, voltage unbalance, load fluctuation, voltage flicker in the point of
common coupling (PCC), and reactive power consumption [2,3]. So far, many articles have
concentrated on solving the mentioned issues.

By using a suitable control method for the arc furnaces with a DC chopper feeding sys-
tem, the adverse effects of flicker can be compensated, and the performance of the furnace
can be improved. This solution is based on the constant power control method [4]. The
most important advantage of this method is that it does not need any reactive power static
compensator or static synchronous compensator for the operation of the furnace [5]. In
furnaces with feeding systems based on thyristor rectifiers, many active devices including
active filters, static synchronous compensators, and individual compensators have been
studied to compensate the disturbances caused by furnace performance. In [5], the effec-
tiveness of the above compensators in improving the waveform distortions and voltage
fluctuations in the presence and absence of compensators is evaluated and compared.

Many articles have discussed the power quality issues of DC and AC electric arc
furnaces [6–18]. However, most of the research has been in the field of AC electric arc
furnaces [6–10]. In [12], IGBT-based rectifiers and thyristor-based rectifiers are compared
for DC electric arc furnace plants in terms of dynamic response, arc stability, and THD
index. Results manifest that IGBT-based rectifiers result in higher power quality than
thyristor-based systems. However, thyristor-based rectifiers are usually more reliable and
have lower costs. In [13], the definitions of power quality indexes in unbalanced and non-
sinusoidal conditions are investigated. In [14], the effect of using multi-phase transformers
in the supply system of DC electric arc furnaces is studied. In this research, power quality
indexes such as harmonic distortion, unbalance, and voltage flicker are taken into account.
Results show that increasing the phase numbers reduces the harmonic distortion and
voltage unbalance. However, it does not affect the flicker intensity. In [15], the harmonic
distortion at the power grid side is investigated in the presence of DC arc furnace loads.
The experimental results of a 12-ton DC electric arc furnace are presented. Harmonic and
interharmonic components of the line current are extracted at different stages of melting.
In [16], the power quality indexes are studied at PCC between the DC electric arc furnace
load and the power grid. In this work, power quality indexes including total harmonic
distortion (THD), total interharmonic distortion (TIHD), or overall total harmonic distortion
(OTHD) are calculated. Moreover, harmonic and interharmonic components have been
taken into account in analyzing the frequency domain. In [17], the performance of different
chaotic models including Chua, Lorenz, and Rössler is assessed based on the power quality
indexes of the DC electric arc furnace loads. Power quality indexes including THD, TIHD,
normalized instantaneous distortion energy (NIDE) ratio, and the short-term flicker severity
(Pst) are considered in this work. Due to the time-varying nature of the current and voltage
waveforms and with the existence of interharmonics, in the DC electric arc furnace load, the
NIDE is evaluated as an advanced power quality index based on time–frequency analysis of
the signals, and using a wavelet transform, the calculation burden is decreased. In [19], new
power definitions are presented to study the behavior of DC electric arc furnaces, including
harmonics and unbalance. For this purpose, non-fundamental apparent power, non-active
power, power factor, and unbalanced fundamental apparent power are determined to
evaluate the load behavior.

According to the above-mentioned, the main aim of this work is to evaluate the
power quality issues using the power definitions in different feeding systems of the DC
electric arc furnace. In this work, the power supply systems based on thyristor rectifiers
and diode rectifiers with DC–DC converters are presented. In addition, different control
methods for the DC–DC converters, including duty cycle control by applying firing pulses
at certain intervals, single-carrier pulse width modulation (SC-PWM) method, and the pulse
width modulation method with the phase-shifted carriers (PSC), are investigated. Then,
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considering the chaos model for DC electric arc furnaces, these methods are implemented
on a system containing DC electric arc furnaces. For power quality evaluation, the constant
current control (CCC) and the constant power control (CPC) methods are utilized for the
DC electric arc furnace systems. Finally, the results are compared.

2. Feeding System of DC Electric Arc Furnaces
2.1. Power Supply System Based on Thyristor Rectifiers

Figure 1 shows the feeding system of a DC electric arc furnace based on thyristor
rectifiers. This system includes a DC electric arc furnace, fed by two six-pulse thyristor
rectifiers parallel to each other (to form a twelve-pulse rectifier). The rectifiers are also
connected to the PCC by transformers with ∆/∆ and Y/∆ connections [14]. The power
supply of DC electric arc furnaces must first convert the electrical energy of the network into
a form that can be used in the melting process. The DC furnace power source must be able
to convert high AC voltages into controlled low DC voltages. In addition, the performance
of the DC furnace power source should be such that it minimizes the disturbances to the
AC system with the highest reliability while delivering energy to the metal melting process.
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Figure 1. The feeding system of a DC electric arc furnace based on thyristor rectifiers.

To minimize the current harmonics on the AC side and to reduce the DC output ripple,
usually, the power source of the furnace includes a twelve-pulse rectifier. Moreover, the
outputs of the bridge circuits are connected in parallel to double the load-feeding current.
An essential issue in the performance of twelve-pulse rectifiers is the absorption of reactive
power due to the operation with a variable firing angle (α).

DC furnaces are usually fed by thyristor rectifiers to control the level of current or
power delivered to the load. These furnaces are generally operated with CCC or CPC
methods. The CCC method is typically used during the cold start-up of the furnace when
the necessary conditions for the arc do not exist, and many jumps appear in the arc
current. On the other hand, the CPC method is often used during the normal operation of
the furnace [2].

The melting process is a continuous process and relies on constant power. To maintain
a constant set point for arc current or power, proportional–integral (PI) controllers are
used. The converter control system, with the help of PI controllers and the feedback loop,
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produces appropriate firing pulses for the thyristors. It keeps the control variable of current
or arc power at the desired value.

An optimal control system should guarantee the proper operation of the arc furnace
and the quick response to electric arc fluctuations. Moreover, it should reduce the distur-
bances of the power injected into the grid. Due to the time-varying nature of the furnace
load, fine-tuning the PI controller requires extensive studies of non-linear, time-varying,
and non-periodic systems. Since such studies involve a lot of difficulties, in practice, it is
enough to adjust the approximate controller using the repetition method [19]. Figure 2
shows the block diagram of the control scheme for the power supply system based on
thyristor rectifiers, for the CCC method.
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Figure 2. Block diagram of the control scheme for the power supply system based on thyristor
rectifiers with the CCC method.

Figure 3 shows a block diagram of the control scheme with CCC and CPC methods.
The CCC method is represented in Figure 3a for a rectifier. DC electric arc furnaces are
usually utilized with constant current or power control methods. The constant current
control method is usually used during cold start-ups in which there is a lack of arc condition
and multiple arc current peaks. Likewise, the constant power control method is most often
used during normal operation since smelting is a continuous process that relies on constant
power. To maintain a constant set point, feedback PI controllers are usually used. Because
of the fluctuation of the current at the beginning of the smelting (boring stage), the constant
current control strategy is used at this stage. The output current of each rectifier is measured
and passed through a first-order low-pass filter with a gain of 1 and a time constant of
0.3 msec.

Then, after comparing with a set-point current, a PI regulator with a limiter is utilized
to produce the firing angle of the rectifier. The CPC method is shown in Figure 3b for a
rectifier. The output current and voltage of each rectifier are measured and passed through
a low-pass filter with a gain of 1. Then, after multiplying these two signals, it is compared
with a set-point power. By applying a PI regulator with a limiter, the firing angle of the
rectifier is produced.

The most important advantages of the thyristor power supply system are high effi-
ciency, high reliability, proper load current control, and low cost. Its disadvantages include
high input reactive power, generation of current harmonics, voltage notch, use of power
filters, and output current ripple [20].
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2.2. Power Supply System Based on Diode Rectifiers with DC Choppers

With the advancement of high-power transistors, another structure for a DC electric
arc furnace feeding system, including the combination of diode rectifiers and DC choppers,
was considered. Figure 4 shows the block diagram of a DC electric arc furnace with a
feeding system based on diode rectifiers and DC choppers. This type of power source
includes transformers related to rectifiers, diode bridge rectifiers, DC choppers, and output
reactors. In this feeding system, with the use of diode rectifiers, the low AC voltage in the
secondary of the transformers is converted to a constant low DC voltage at the output of
the rectifier. Then, the choppers convert this constant DC voltage to a controlled low DC
voltage at the output of the converter [14].

The power source based on DC choppers uses IGBT semiconductor switches as the
controlled element. The used DC chopper is a buck regulator type, and the current can
only pass in one direction. The circuit structure of the utilized DC–DC converter includes
an input capacitor, a transistor switching element, and a freewheeling diode. In high-
current applications, a sufficient number of these units must be paralleled to provide the
required current. Input DC link capacitors provide a constant DC voltage at the input
of chopper units. Since it is assumed that the load has an inductive characteristic, the
freewheeling diode must provide a path for the energy released by the load inductance
when the semiconductor switch is turned off. As an added protection, a fast-acting anti-
parallel diode is connected with the IGBT to direct the current in the opposite direction. A
detailed structure of the power supply system based on diode rectifiers and buck choppers
is presented in Figure A1 in Appendix A.
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3. Control Strategies of Feeding System Based on DC Chopper
3.1. Duty Cycle Control Method with Firing Pulses at Certain Intervals

In this method, the switching period (Ts) of the IGBT is divided into n equal intervals
according to the number of available chopper units (n). In this research, four chopper units
were considered. Therefore, Ts is divided into four equal parts. In general, the number and
type of elements that conduct in each time interval Ts/n depend on the duty cycle (D). It
can be said that each time interval Ts/n can be divided into two sub-intervals. These two
sub-intervals are Tx and Ty, which, respectively, represent the duration in which the m-th
and (m − 1)-th IGBT switches conduct. Time intervals Tx and Ty can be obtained by using
Equations (1) and (2), respectively.

Tx =

(
D− m− 1

n

)
Ts (1)
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Ty =
Ts

n
− Tx (2)

In the above equations, n is the number of chopper units, and m can be obtained from
the following inequality:

m− 1
n

< D ≤ m
n

(3)

3.2. Single-Carrier Pulse Width Modulation (SC-PWM)

In the SC-PWM method, firing signals are generated by comparing a control signal
(VControl), called a reference signal, with a triangular carrier waveform (Vtri) with a frequency
of fs. The carrier frequency fs is the same as the IGBT switching frequency. As shown in
Figure 5, when the control signal is greater than the triangular carrier signal, the output of
the comparator will be equal to one. Otherwise, the output will be equal to zero. In this
way, by changing the reference signal, the duty cycle can be controlled to achieve specific
goals in the operation of DC electric arc furnaces, either by controlling the constant current
or the constant power of DC electric arc furnaces. In the SC-PWM method, to create firing
signals, a triangular carrier signal is used for all four units, and a distinct reference signal is
considered for each unit.
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Figure 5. PWM strategy.

In the arc furnace control process with a constant current or constant power approach,
the reference signal and the duty cycle of the circuit units are controlled to reach the
constant arc current or power. The disadvantage of this method is that if the control of the
chopper units with the same work cycles is considered, all the chopper units will be turned
off during periods, and no power will be transferred from the source to the furnace; rather,
in this case, the energy of the arc is provided by the energy stored in the output inductors
of the chopper converters. As a result, to prevent sudden drops or discontinuity of the
current, the inductance value of the output inductors must be large enough, which will
lead to an increase in the cost of the power supply system.

3.3. Pulse Width Modulation Method with Phase-Shifted Carriers (PSC)

This method is similar to the SC-PWM method, with the difference that instead of
using a triangular carrier signal, we will have triangular carrier signals that have a phase
shift relative to each other in the number of units. Therefore, in this research, the number
of carrier signals will be four. Each of these carrier signals is specific to one of the available
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chopper units. Figure 6 shows the triangular carrier signals with proper phase transition
and the corresponding chopper units.
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In this method, a distinct reference signal is considered for each of the chopper units.
In the arc furnace control process with the CPC approach, the reference signal and, ac-
cordingly, the duty cycle of the chopper units are controlled to reach constant current or
constant power.

The advantage of this method compared to the SC-PWM approach is that if the
chopper units are controlled with the same duty cycles, for D > 0.25, the turn-off problem
of all the chopper units and consequently not transferring power to the furnace in specific
periods does not occur. This fact is shown in Figure 7a. As can be deduced from Figure 7b,
the above problem will still exist for D < 0.25; however, due to the minimization of losses
according to the circuit topology, the power source is usually used with a duty cycle in the
range of 0.6 < D < 0.8, in which this issue will not be significant. Another advantage of this
method compared to the SC-PWM method is that, in this method, the multiple numbers of
carriers that have a phase shift with respect to each other helps to spread the start times
of the control units during the switching period (Ts). This, in turn, will cause the uniform
transfer of power to the arc furnace, and on the other hand, it will prevent the occurrence
of severe voltage fluctuations on the primary side of the rectifier transformers.
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4. Power Quality Indexes in Unbalanced and Non-Sinusoidal Conditions

In this section, the definitions related to unbalanced and non-sinusoidal environments
are reviewed [21]. In a single-phase system in non-sinusoidal conditions, the instantaneous
voltage and current can be expressed according to the following equations:

v(t) = V0 +
√

2
∞

∑
h 6=0

Vhcos(hωt + φh) (4)

i(t) = I0 +
√

2
∞

∑
h 6=0

Ihcos(hωt + ϕh) (5)

In the above equations, ω is the angular frequency of the fundamental component, V0
and I0 are the dc components, and Vh and Ih are the amplitudes of the h-th order harmonics
of the voltage and current, respectively. The root-mean-square (RMS) values of the above
voltage and current waveforms can be obtained using the following equations:

VRMS =

√
∞

∑
h=0

V2
h (6)

IRMS =

√
∞

∑
h=0

I2
h (7)

The active and reactive power of each harmonic can be obtained as follows:

Ph = Vh Ihcosθh (8)

Qh = Vh Ihsinθh (9)

where θh is the phase difference between the voltage and current harmonics of the h-th order.
In a three-phase four-wire system, the RMS values of voltage and current can be

expressed according to the following equations:

V =

[(
V2

a + V2
b + V2

c
)

3

] 1
2

(10)

I =

[(
I2
a + I2

b + I2
c
)

3

] 1
2

(11)

where Ia, Ib, and Ic are the RMS values of three-phase currents considering the harmonic
components. Va, Vb, and Vc are the RMS values of three-phase voltages considering the
harmonic components.

By using the RMS values obtained from Equations (10) and (11), the equivalent appar-
ent power can be obtained as:

S = 3VI (12)

The fundamental component of voltage and current can be computed as follows:

V1 =

[(
V2

a1 + V2
b1 + V2

c1
)

3

] 1
2

(13)

I1 =

[(
I2
a1 + I2

b1 + I2
c1
)

3

] 1
2

(14)
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Equivalent harmonic components for voltage and current can also be calculated from
the following equations:

VH =

[(
V2

ah + V2
bh + V2

ch
)

3

] 1
2

(15)

IH =

[(
I2
ah + I2

bh + I2
ch
)

3

] 1
2

(16)

With the help of the fundamental component of voltage and current, the fundamental
apparent power can be obtained as:

S1 = 3V1 I1 (17)

The non-fundamental apparent power can be expressed as follows:

SN =
√

S2 − S2
1 (18)

The non-fundamental apparent power indicates the amount of load power distortion.
Another expression that can be expressed in non-sinusoidal conditions is as follows:

S2 = P2 + Q2 + D2 (19)

where D is the distortion power. P and Q can be written as:

P = P1 + PH , Q = Q1 + QH (20)

in which the fundamental and harmonic components are as follows:

P1 = Pa1 + Pb1 + Pc1
PH = ∑

h 6=1
(Pah + Pbh + Pch)

Q1 = Qa1 + Qb1 + Qc1
QH = ∑

h 6=1
(Qah + Qbh + Qch)

(21)

The non-active power N is also defined as follows:

N =
√

S2 − P2 (22)

In an unbalanced system, the active and reactive power of the fundamental positive
sequence can be defined as:

P+
1 = 3V+

1 I+1 cosθ+1 (23)

Q+
1 = 3V+

1 I+1 sinθ+1 (24)

where V+
1 and I+1 are the fundamental components of the positive sequence. The apparent

power of the fundamental positive sequence is defined as follows:

S+
1 = 3V+

1 I+1 (25)

In addition, the fundamental apparent power in the unbalanced condition can be
defined as follows:

Su1 =
√

S2
1 − S+

1
2 (26)
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Finally, the total power factor is defined as follows:

PF =
P
S

(27)

The displacement power factor, in which only the fundamental components are con-
sidered, is defined as:

dPF =
P1

S1
(28)

The displacement power factor of the positive sequence is written as follows:

dPF+ =
P+

1
S+

1
(29)

5. Simulation Results and Discussion
5.1. Simulation of the Feeding System for the DC Electric Arc Furnace

To investigate the effect of different control methods of power supply systems based
on diode rectifiers with DC–DC converters, the system shown in Figure 4 is simulated
using PSCAD/EMTDC software. The simulation parameters are taken from [2]. It should
be mentioned that in this simulation, the DC electric arc furnace chaos model was used.
The Lorenz chaotic model of DC electric arc furnaces is presented in Appendix B [22]. The
simulation time step is considered equal to 20 µs.

Furthermore, different control strategies of the feeding system based on DC chopper
were discussed in Section 3, and the following were applied:

• Method 1: duty cycle control method with firing pulses at certain intervals.
• Method 2: SC-PWM.
• Method 3: PWM Method with PSC.

Figure 8 shows the total input current on the AC side in the above three control
methods. These currents have been obtained for a constant duty cycle of D = 0.8. It is clear
that in PWM methods, in conditions where the maximum value of the carrier wave is equal
to one, a duty cycle of D = 0.8 is provided for VControl = 0.6. As can be seen, these methods
have relatively similar behavior from the point of view of the AC network. The similarity
in the absorbed currents from the network in these three methods acknowledges that the
power quality effects in the network are almost similar to each other.
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Figure 9 shows the input current of one of the rectifiers in the three mentioned methods
with the duty cycle of D = 0.8. As can be seen, the results of these three methods have slight
deviations from each other.
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Figure 9. The input current of a rectifier in the feeding system.

The input currents of chopper units 1 and 2 are shown in Figure 10a for the three
discussed methods. In this case, the duty cycle of choppers is the same and equal to
0.8. As can be seen in this figure, the current waveforms of the chopper units in the
first and third methods have many fluctuations. Figure 10b shows the input currents of
chopper units 1 and 2 using a DC electric arc furnace with the CCC method in the three
mentioned methods.
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Figure 10. The input currents of choppers 1 and 2 with different control methods: (a) D=0.8;
(b) CCC method.

Moreover, Figure 11a represents the DC arc current for controlling the constant current
of the arc furnace in the above three methods. The reference value of the arc current is
considered equal to 65 kA, and the CCC method is applied to the studied DC electric arc
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furnace. According to the simulation results, the third method will result in less deviation
compared to the determined reference value.
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Figure 11. (a) DC electric arc current to control the constant current of the arc furnace in the three
discussed methods; (b) DC arc voltage.

During the operation of the electric arc furnace, severe voltage fluctuations cause
current drops, short circuits, and sometimes an arc interruption [4]. In this regard, the
severe and sudden drops in the arc current seen in Figure 11a refer to severe fluctuations in
the arc voltage. Figure 11b shows the DC arc voltage in two different periods. It should be
mentioned that this voltage is obtained from the chaos model of DC electric arc furnaces.
As a result, it is clear that the PWM method with phase-shifted carriers has a smaller
fluctuation range around the reference value. In addition, this method has advantages
such as uniform power transfer to the furnace and preventing severe and sudden current
drops in the primary side of rectifier transformers. Therefore, the PWM method with
phase-shifted carriers is preferable in comparison to other methods.

5.2. Power Quality Evaluation of the DC Electric Arc Furnace Feeding Systems

In this part, the effect of the introduced conventional feeding systems, shown in
Figures 1 and 4, on various power quality indexes are investigated. The utilized parameters
are similar to Section 5.1. Due to the advantages of the PWM control method with given
phase-shifted carriers, this control method has been used in the feeding system based on
DC choppers.



Energies 2023, 16, 3888 14 of 24

Figure 12 shows the DC arc current of the feeding system based on the diode rectifiers
with DC choppers and the thyristor rectifiers. The current reference is considered equal to
65 kA, and the CCC control is applied to the studied DC electric arc furnace. The results
show that the chopper feeding system will result in a lower deviation compared to the
reference value.
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Figure 12. DC arc current in CCC control: (a) chopper rectifiers; (b) thyristor rectifiers.

Similarly, Figure 13 shows the arc power when applying the CPC method on the
electric arc furnace feeding system based on the diode rectifiers with DC choppers and
the thyristor rectifiers. For this purpose, Equation (20) was utilized. The power reference
is considered equal to 40 MW. As can be seen in this figure, the convergence to the refer-
ence value is much more favorable in the chopper feeding system than in the thyristor
feeding system.
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Figure 14 illustrates the reactive power absorbed from the network using these two
different feeding systems based on chopper units and thyristor power supply systems. For
this purpose, Equation (20) was utilized. As can be seen, the reactive power consumption
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has been significantly reduced in the feeding system based on the diode rectifiers with DC
choppers. In addition, the reactive power fluctuations in the DC choppers power supply
system are much less than the fluctuations of reactive power in the case of the thyristor
power supply system. In fact, due to the high switching frequency of the chopper units,
tracking the arc voltage fluctuations is performed faster. As a result, the active and reactive
powers in this system have more uniformity and fewer fluctuations.
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On the other hand, multiple chopper units ensure a balanced power distribution be-
tween diode rectifiers, and current control loops are also used for equal current distribution
between chopper units. In addition, the balance of the current between the secondary of the
transformers causes the elimination and weakening of the low-order harmonics. Therefore,
the amount of absorbed reactive power and its fluctuations are reduced in this type of
power supply system. As a result, there is no need for harmonic filters and reactive power
compensation devices on the chopper side. Since reactive power fluctuations have a direct
relationship with voltage fluctuations and consequently with the flicker intensity, it can
be said that the flicker intensity is less in the case of a chopper power supply. Due to the
significant reduction in the absorbed reactive power in the chopper power supply system,
it is expected that the input power factor has also improved in this case. This is shown in
Figure 15 for the CCC method applied to the studied electric arc furnace. For this purpose,
Equation (27) was utilized.

The THD of the input current is shown in Figure 16 for the CCC method applied to
the studied DC arc furnace system. It is clear that the THD was significantly reduced when
using the power supply system based on chopper units.

In Figures 17 and 18, the non-active power (N) and the distortion power (D) are shown
for the two different feeding systems based on chopper units and thyristor power supply
systems. For this purpose, Equations (22) and (19) were utilized, respectively. The CCC
method was applied to both feeding systems. As can be seen, in the case of the chopper
power supply system, the non-active and distortion powers have smaller values than the
thyristor power supply system.

The non-fundamental apparent power SN is related to the amount of harmonic distor-
tion, and the SN/S ratio is a suitable index to compare the amount of harmonic distortion
created in different states of the power supply system [21]. Figure 19 shows the SN/S index
for the CCC method applied to the two different feeding systems based on chopper units
and thyristor power supply systems. For this purpose, Equations (18) and (19) were used.
As can be seen, the average value of this index in the case of the chopper feeding system is
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lower than its average value in the case of the thyristor feeding system. This indicates that
the harmonic distortion is less in the case of the chopper feeding system and is consistent
with the result obtained from Figure 16.
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tor rectifiers.
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Figure 20 compares the reactive power absorbed from the network in the two control
methods of CCC and CPC for the power supply system based on chopper rectifiers. As
can be seen, in the case of the feeding system with the CPC method, the reactive power
fluctuations are less.

Figure 21 shows a comparison of the input power factor in the two control methods of
CCC and CPC for the power supply system based on chopper rectifiers. As can be seen, in
the CPC method that is often used during the normal operation of DC electric arc furnaces,
power factor fluctuations are less.
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Figure 22 illustrates a comparison of the input current THD in the two control methods
of CCC and CPC for the power supply system based on chopper rectifiers. It is clear that in
the CPC method, the current THD is lower than in the CCC method.

In Figures 23 and 24, non-active power (N) and the distortion power (D) are shown in
the two control methods of CCC and CPC for the power supply system based on chopper
rectifiers. As can be seen, in the case of the chopper power supply system, the non-active
and distortion powers are slightly different for the CCC and CPC methods. In the CPC
method, the maximum values of non-active and distortion power are less.

Figure 25 presents the SN/S index in the two control methods of CCC and CPC for the
power supply system based on chopper rectifiers. As can be seen, the average value of this
index in the CPC method is lower than its average value in the CCC method. Moreover, in
the CPC method, the maximum values of the SN/S index are lower. This indicates that the
harmonic distortion is less in the CPC method and is consistent with the result obtained
from Figure 22.
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5.3. Discussion

In Figure 26, a comparison of non-active power and distortion power in the DC arc
furnace system for chopper rectifiers and thyristor rectifiers is presented with CCC and
CPC control methods. As shown in Figure 26, the maximum non-active power was reduced
from 49.5 MVA in thyristor rectifiers to 30.7 MVA in chopper rectifiers with the CPC method.
For the CCC method, the maximum non-active power was reduced from 44.1 MVA in
thyristor rectifier to 31.8 MVA in chopper rectifiers. Furthermore, the maximum distortion
power was reduced from 37.1 MVA in thyristor rectifiers to 29 MVA in chopper rectifiers
with the CPC method. The results are similar to the CCC method.
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chopper rectifiers and thyristor rectifiers with CCC and CPC control.

In Table 1 and Figure 27, a comparison of input current THD and input voltage THD
of the AC side in the DC arc furnace system for chopper rectifiers and thyristor rectifiers is
provided with CCC and CPC control methods. As shown in Figure 27, the average current
THD is reduced from 16.55% in the thyristor rectifiers to 8.40% in the chopper rectifiers
with the CCC method and from 19.27% in the thyristor rectifiers to 7.38% in the chopper
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rectifiers with the CPC method. Moreover, the average voltage THD is reduced from 5.67%
in the thyristor rectifier to 3.02% in the chopper rectifiers with the CCC method. The result
is similar to the CPC method.

Table 1. Comparison of input current THD and input voltage THD of AC side in DC arc furnace
system for chopper rectifiers and thyristor rectifiers with CCC and CPC control.

Feeding System Control Method
Current THD (%) Voltage THD (%)

Minimum Maximum Average Minimum Maximum Average

Chopper
rectifiers

CCC 6.26 31.15 8.40 1.88 29.90 3.02
CPC 5.19 33.74 7.38 1.89 29.91 3.02

Thyristor
rectifiers

CCC 13.26 44.44 16.55 4.57 29.90 5.67
CPC 14.79 48.02 19.27 4.60 29.93 5.70
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According to the results, the power and THD values are lower in power supply
systems with chopper rectifiers than in thyristor rectifiers.

6. Conclusions

In this paper, the common feeding systems of DC electric arc furnaces, including the
feeding system based on thyristor rectifiers and the feeding system based on diode rectifiers
with DC choppers, were studied, and then the effects of each of these feeding systems on
various power quality indexes were investigated. Simulation results manifest that the DC
chopper rectifier feeding system for DC arc furnaces, with constant current or constant
power control methods, will have lower deviation compared to the specified reference
value. Moreover, the results show that the reactive power absorbed from the network is
significantly reduced in the case of the chopper feeding system. Therefore, the input power
factor is also considerably improved in this case. In addition, it has been shown that the
THD related to the input currents is substantially reduced by using a feeding system based
on chopper units. According to the results, the average current THD is reduced from 16.55%
in the thyristor rectifiers to 8.40% in the chopper rectifiers with the CCC method and from
19.27% in the thyristor rectifiers to 7.38% in the chopper rectifiers with the CPC method.
Moreover, the average voltage THD is reduced from 5.67% in the thyristor rectifiers to
3.02% in the chopper rectifiers with the CCC method. The result is similar to the CPC
method. Moreover, in the conditions of using the DC arc feeding system based on chopper
rectifiers, in the CPC method, the reactive power fluctuations and the power factor are less
than in the CCC method. Finally, it has been shown that in the case of the power supply
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system based on chopper rectifiers, the non-active (N) and distortion (D) powers have
smaller values than the power supply system based on thyristor rectifiers. The maximum
non-active power is 37.9% lower in chopper rectifiers than in thyristor rectifiers for the CPC
method. For the CCC method, the maximum non-active power is 27.9% lower in chopper
rectifiers than in thyristor rectifiers. The maximum distortion power is 21.8% lower in
chopper rectifiers than in thyristor rectifiers for the CPC method. The results are similar to
the CCC method.

All in all, it can be concluded that from the point of view of network issues that power
supply systems based on diode rectifiers and DC choppers are superior to types based on
thyristor rectifiers.
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Appendix A

Figure A1 shows a detailed structure of the power supply system based on diode
rectifiers and buck choppers.
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Appendix B

Considering that the DC current usually has very high values and the current fluctua-
tions are controlled by the power converter, the DC arc voltage (va) can be written as [22]:

va ∼= vdc
a + ∆va (A1)

in which va
dc is the constant part of the arc voltage, and ∆va is the time-varying part related

to the changes in the arc length l0.
According to the Lorenz chaotic model, a set of three state equations can be introduced

as follows [22]:
.
x = −σx + σy
.
y = −xz + rx− y
.
z = xy− bz

(A2)

where x, y, and z are the state variables. σ, b, and r are the Lorenz model parameters and
should be properly specified for correct simulation of the DC arc. Variable z is supposed as
an output, and ∆va is determined by shifting and scaling the variable z. Finally, the DC
arc voltage of the chaotic model is determined by adding the measured va

dc value to the
produced signal ∆va [22]. Simulation parameters are taken from [2].
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