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Abstract: In recent years, non-linear loads on the distribution side are increasing rapidly. Notably,
the electric arc furnace (EAF) is the most used non-linear load due to its diverse applications for
industrial needs. However, EAF has some disadvantages like uneven distribution of heat inside the
furnace, release of unwanted gases, increased level of harmonics, and Flickers in voltages. Specifically,
power quality concerns are more and need comprehensive solutions. In this work, a matrix converter
(MC) along with static VAR compensator (SVC) is proposed, and the hybrid exponential-hyperbolic
furnace model is adapted in MATLAB platform. Simulations are carried out for different cases and
the observed results are compared with existing methodologies. It was perceived that the power
quality parameters such as peak current and voltages, total harmonic distortions (THDs), voltage
flickers, and power factors are enhanced compared with existing methodologies. Precisely, the THD
of current and voltage attains a prime rate of about 2.85% and 29.54%, respectively. Moreover, the
proposed model’s voltage flicker and power factor offer a grander scale of about 1.26% and 0.9975,
respectively. The enhanced scheme provides more significant advantages to the large-scale steel
manufacturing plant with EAF.

Keywords: electric arc furnace (EAF); exponential-hyperbolic; matrix converter; total harmonic
distortion (THD); static VAR compensator; voltage flicker

1. Introduction

Nowadays, the usage of steel in the modern world is increasing rapidly due to
the higher demand rate. It is used in various fields such as construction, infrastruc-
ture, transportation, medical, and weapons. Notably, around 52% of the steel is used for
building and infrastructure purposes, and the remaining in other sectors like domestic
appliances, mechanical equipment, electrical appliances, etc. The steel production was
around 189 million tons in the 1950s, and it increased to 1869 million tons in 2019. Among
the countries, China produces approximately 1000 million tonnages of steel every year
and stands first in steel production. Secondly, India has around 120 million tonnages
every year [1]. The increasing usage of steel is achieved only by the mass production of
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crude steel. The electric arc furnace (EAF) is the primary industrial device used in many
industries for steel production. It works in several megavolts with kilo ampere electrical
loads. Extensive research is happening in the field of EAF in recent times. As it consumes
more electric energy, a slight increase of efficiency can offer a superior scale of power
savings [2].

EAFs are mainly used for melting and dissolving the iron; used for steel production.
Since it consumes a higher magnitude of power, the problems related to power quality like
harmonics, flickers, and voltage fluctuations also increase exceedingly due to the non-linear
voltage-current characteristics (VIC) of EAF. The magnitude of voltage fluctuation is based
on the length of the electric arc. These shortcomings result in the improper working of
the devices, rapid aging, and reduced efficiency in transmitting and receiving sides [3].
EAF causes power quality issues due to its non-linear characteristics. The distortion in
the furnaces arises mainly due to flickers (due to sub-cycle distortions), harmonics (due to
intra-cycle distortion), and interferences (due to high-frequency distortion). These three
categories can play a vital role in deciding the performance and quality of the EAFs [4].
The other issues that may arise in EAFs are the voltage sag and swell, interruptions,
transients, voltage unbalance, and fluctuations. Moreover, it is essential to reduce the
power loss, reduction in electricity consumption, maximum voltage input, and capacity
improvement [5]. This work concentrates on the overall performance enhancement of the
EAF. The literature survey is performed and described as follows based on these needs.

Several works demonstrate the performance of the EAF with enhanced power quality
parameters. Notably, Jose Rodriguez et al. [6] summarized the control and modulation
methods of Matrix converters (MC). Various matrix converters and control algorithms were
presented with numerous controls and modulation methods [7]. The author concluded
that the predictive current and torque control provided more advantages when compared
to other conventional methods, namely Venturini, scalar, and carrier-based PWM and
SVM [8]. Further, Naveed Ashraf et al. [9] introduced a new single-phase buck book MC
with minimized switching stresses. This converter assisted in rectifying the voltage swell
and sag in the power systems.

Additionally, a bipolar gain was used for direct ac to ac conversion, and the proposed
converter could be used as a voltage and frequency controller. Moreover, Srividhya et al. [10]
suggested a fuzzy logic-based indirect MC with vector controller and fuzzy logic controller
that offered a better result in the voltage sag conditions [11,12]. Additionally, Tabish nazir
Mir et al. [13] demonstrated the usage of MC that improved the power quality in the source
and load side. The reference and the adaptive model outputs were analyzed, and the error
values given to the PI controller. The controller changed the inputs to the adaptive model
until the error becomes zero, and the advantages of using MC in the non-linear load were
presented with simulation results.

Moreover, Yao Sun et al. [14] dealt with the addition of diodes in MC used in the high-
power area. This new converter provided extra advantages: eliminating voltage imbalance
and the distinct advantages like neatly packed structure, simple commutation techniques,
bidirectional power flow, and sinusoidal input and outputs. Further, the low switching
loss and better reliability could be achieved by this diode-clamped MC. Additionally, D
Casadei et al. [15] addressed the instability phenomenon of the power systems, and the
instability was reduced using the DSP controller as feedback in the MC. The voltage and
current values in the input and output sides calculated using the processor, and the DSP
controller controlled the PWM control strategy.

Additionally, Gary W. Chang et al. [16] evaluated the effect of neural network-based
electric arc furnaces. This method was used to access the waveform distortions, variations
in the voltage, and the reactive power components’ performance. The simulation output
was compared with the existing systems, and it offered better results, and this method
can be used in any non-linear load. The RBFNN and LUT method were employed for
studying the dynamic characteristics and modeling of voltage and current waveforms.
Moreover, M. Barbouche et al. [17] concentrated on silicon carbide (SiC) growth using a
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small EAF. SiC and MG-Si were mainly used in many electronic applications and solar
power generation applications. This work used Raman spectroscopy to analyze the SiC
and the entire mechanical parts were produced, assembled, and tested using LabVIEW
NI environment.

Likewise, the artificial neural network was adopted to model EAFs [2] and arc-length
computation. Specifically, this system found the arc length in stable and unstable conditions.
The furnace efficiency and productivity were improved using the ANN-based electric arc
furnace. Further, Rahmatollah Hooshmand et al. [18] discussed a new time-domain model
for EAF. The performance of EAF was analyzed using three models, namely hyperbolic
model, complete exponential model, and the proposed exponential-hyperbolic model. The
proposed exponential, hyperbolic model offered an excellent approximation without initial
conditions of EAF. The voltage-current characteristics and total harmonic distortion (THD)
were derived with good approximation. Moreover, Philippe Ladoux et al. [19] performed
a comparison between ac and dc converters for the electric arc furnace. A new control
strategy was used based on diode rectifiers and choppers to suppress the effect of flickers
and increase efficiency.

Furthermore, Yogesh V et al. [20] described the challenges in PID controller design.
A complete literature review was presented on the controller’s plan and the control algo-
rithms. The issues faced in the past and the current scenario were addressed satisfactorily.
The tuning methods were separated accordingly to internal mode, fractional order, soft
computing, and robust control schemes. Additionally, Jignesh Kumar Patel et al. [21]
provided various digital controllers in any power controller network. There were different
types of controllers like traditional analog, advanced hybrid, and technological digital
controllers. The control algorithms might vary from a simple to an advanced artificial
intelligence-based control. The evolution of DC converters to power electronic converters
happened with a mono level switch to multi-level converter topologies.

Further, Wan-Rone Liou et al. [22] adapted a PWM array, with analog to digital
controllers (input), digital to analog converters (output), and a processor control unit for
power controller circuits. An advanced hybrid control algorithm was adapted to attain a
unity power factor. A higher efficient power conversion was achieved by this method. The
acquired power factor was very close to unity, and the ripple voltage performance was
close to 100%. In addition, Ricardo Lucio et al. [23] introduced an active control algorithm
for the non-linear and changing load. This filter-based control algorithm was used in an
electric arc furnace as the load is non-linear and dynamic [24]. The output was used as a
reference and fed into the input circuit for power factor corrections.

Moreover, Yu-Wei Liu et al. [25] demonstrated static VAR compensator (SVC) applica-
tion and active filter for power quality improvement connecting the EAF. Simulation study
confirmed the enhancement notably power factor and balance load current. Further, fuzzy
logic control was adapted for the optimal design of SVC to enhance the voltage profile
of the system connecting the EAF [26]. The compensating device rapidly controlled the
system parameters that enhance the voltage profile of the system and reduced harmonic
currents. Moreover, a novel topology was developed by Ebrahim Babaei et al. [27] based
on the application of dynamic voltage restorer (DVR) and direct converters. This scheme
verified its capability for compensation of voltage distortions.

Also, Ahsan Habib et al. demonstrated the effectiveness of DVR to alleviate the power
quality disturbances using a phase-locked loop, proportional integral, and supercapacitors.
The proposed scheme offered a better efficacy in power quality [28]. Moreover, the syn-
chronous detection method and digital control based on instantaneous power theory were
demonstrated for the control active power filter. The digital management offered better
power quality than the synchronous detection method [29].

Consolidating all the reports, a unique EAF model with advanced control technology
is required to enhance the system power quality, namely, integrated innovative power
converters with compensating devices. From the literature surveys, it is found that the
application of matrix converter (MC) along with static VAR compensator (SVC) was
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not demonstrated for electric arc furnace to enhance the power quality. Notably, MC is
attracting more attention recently due to its exciting features, namely compact design,
bidirectional power flow, controllable input reactive power, and sinusoidal input/output
currents [30]. In addition, they have stretched a good height of technological maturity that
permits their practical and industrial application in a variety of domains, notably industrial
drives, power supplies, and aerospace applications [31]. Based on the limitations from
surveys and advantages of MC, this work focuses on the following objects:

• To design the cutting-edge electric furnace model for a virtual demonstration.
• To adopt the advanced power converters for EAF.
• To integrate the compensating devices along with advanced power converters.
• To improve the overall performance of the power supply, such as arc voltage, arc

current, THDI (Current THD), THDV (Voltage THD), power factor, and voltage flicker.

Considering the above objectives, this article organized as follows: Section 2 demon-
strates the proposed methodology comprised of various components. Section 3 describes
the detailed results and discussion based on the observed outcomes from the simulation.
Subsequently, a comparative analysis between various models is performed in Section 4.
Finally, conclusions are made based on the observed results in Section 5.

2. Proposed Methodologies

This section illustrates the proposed scheme comprised of Source, HV/MV trans-
former, SVC, furnace transformer, Matrix converter along with DSP based controller and
the electric furnace as demonstrated in Figure 1. The design parameters of the SVC com-
prises of 415 V, 8 MVA rated capacity with 22.5 mH of reactor bank paralleled with 223.6 µF
of capacitor bank. The impedances of source and furnace transformers are considered as
0.052 + j0.46 and 0.336 + j3.23 respectively with system frequency of 50 Hz. Moreover, the
input fuction of the EAF is descried using the following syntax:

function v = fcn(f,i)
C = 23,000;
D = 5000;
m = 0.8;
Vat0 = 200;
vt = Vat0×(1 + (m×f));
v = sign(i)×(vt + (C/(D + abs(i))));
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2.1. Matrix Converter (MC)

The proposed scheme uses a matrix converter and an input filter that supplies power
to the electric furnace, as illustrated in Figure 2. The output voltage and current of the MC
to input voltage and current are derived as follows [30–33]:

V0=

 Va
Vb
Vc

=
 SAa SBa SCa

SAb SBb SCb
SAc SBc SCc

 ×
 VA

VB
VC

= S×Vi (1)

Ii=

 IA
IB
IC

=
 SAa SAb SAc

SBa SBb SBc
SCa SCb SCc

 ×
 Ia

Ib
Ic

= ST × I0 (2)

where ST denotes a transpose of matrix S, and states of each bidirectional switches are
represented as Sxy (x indicates A, B, and C and y denote a state a, b, and c) that can be
derived as follows:

Sxy =

{
0 i f Sxy is open
1 i f Sxy is close

(3)
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MC uses the space vector modulation (SVM) control algorithm that represents the
three-phase current and voltage on the vector plane. Each output phase is given as an
input to the stage considering the states of switches. A total of twenty-seven switching
states are admissible to evade the short and open circuit in the incoming side using the
above functions. Among the combinations, three groups are formed based on the output
phases relating to the respective input phases. The output of the MC is based on the
SVM parameters such as instantaneous voltage and current, and phase angles of the input
(∝i) and output voltages (∝0). Moreover, a duty period for each switching operation is
computed to attain the desired output voltage and frequency referring at the MC. The
below equations represent a switching time concerning two-phase angles.

δ+1 = 2√
3

Tsq sin
(
α0 +

π
6
)

sin
(

π
3 − αi

)
δ−3 = 2√

3
Tsq sin

(
α0 +

π
6
)

sin(αi)

δ−4 = 2√
3

Tsq sin
(

π
6 − α0

)
sin
(

π
3 − αi

)
δ+6 = 2√

3
Tsq sin

(
π
6 − α0

)
sin(αi)

(4)
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where δ+1 + δ−3 + δ−4 + δ+6 ≤ Ts Further, the MC input current and the output voltage are
estimated using the below equations.

V0 =
2
3

(
Va + a.Vb + a2.Vc

)
= V0 max.ej∝0 (5)

Ii =
2
3

(
IA + a.IB + a2.IC

)
= Ii max.ejβi (6)

where ‘a’ is an operator that can be represented as ej( 2π
3 ). Then the terms Vx and Ix (x = a, b, c)

are the output voltages and input currents of the MC respectively. Moreover, the term
V0 max and Ii max are the scale of output voltage and input current, respectively, and the
term ∝0 and βi are the angles (voltage and current respectively). Further, various switching
operations states and the respective output voltage and the input current are illustrated in
Table 1 derived using a DSP based controller.

Table 1. States of switches and their respective input and output.

On States of Switches V0 ∝0 Ii βi

SAa SBb SBc 2/3VAB 0 2/
√

3Ia −π/6
SBa SAb SAc −2/3VAB 0 −2/

√
3Ia −π/6

SBa SCb SCc 2/3VBC 0 2/
√

3Ia π/2
SCa SBb SBc −2/3VBC 0 −2/

√
3Ia π/2

SCa SAb SAc 2/3VCa 0 2/
√

3Ia 7π/6
SAa SCb SCc −2/3VCa 0 −2/

√
3Ia 7π/6

SBa SAb SBc 2/3VAB 2π/3 2/
√

3Ib −π/6
SAa SBb SAc −2/3VAB 2π/3 −2/

√
3Ib −π/6

SCa SBb SCc 2/3VBC 2π/3 2/
√

3Ib π/2
SBa SCb SBc −2/3VBC 2π/3 −2/

√
3Ib π/2

SAa SCb SAa 2/3VCA 2π/3 2/
√

3Ib 7π/6
SCa SAb SCc −2/3VCA 2π/3 −2/

√
3Ib 7π/6

SBa SBb SAc 2/3VAB 4π/3 2/
√

3Ic −π/6
SAa SAb SBc −2/3VAB 4π/3 −2/

√
3Ic −π/6

SCa SBb SCc 2/3VBC 4π/3 2/
√

3Ic π/2
SBa SBb SCc −2/3VBC 4π/3 −2/

√
3Ic π/2

SAa SAb SCc 2/3VCA 4π/3 2/
√

3Ic 7π/6
SCa SCb SCc −2/3VCA 4π/3 −2/

√
3Ic 7π/6

SAa SAb SAc 0 - 0 -
SBa SBb SBc 0 - 0 -
SCa SCb SCc 0 - 0 -
SAa SBb SCc Vimax ∝i I0max β0
SAa SCb SBc Vimax − ∝i I0max −β0
SCa SAb SBc Vimax ∝i +2π/3 I0max βi + 2π/3

SBa SAb SCc Vimax
− ∝i

+2π/3 I0max
−βi +
2π/3

SBa SCb SAc Vimax ∝i +4π/3 I0max βi + 4π/3

SCa SBb SAc Vimax
− ∝i

+4π/3 I0max
−βi +
4π/3

Further, the input filter circuit is designed using a capacitor (Cf), inductor (Lf), and
resistor (Rs), and the equivalent single-phase model is illustrated in Figure 3.
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From the above figure, the input current Is(s) is expressed as the function of the
input voltage (Vs) and MC input current (IMC). Further, the frequency response of the
output voltage and current of the filter (i.e., input voltage and current to MC) is expressed
as follows:

Ii(s) =
1

R f C f
+ 1

L f C f

s2 + s
R f
L f

+ 1
L f C f

IMC(s) |Vi(s) = 0 (7)

Vc f (s) = −R f

s 1
L f C f

s2 + s
R f
L f

+ 1
L f C f

IMC(s) |Vi(s) = 0 (8)

The canonical representation of the above equations are expressed as follows:

a(s) =
ω2

n
s2 + 2ξωns + ω2

n
b(s) (9)

c(s) =
s ωn

αξ + ω2
n

s2 + 2ξωns + ω2
n

b(s) (10)

ωn =

√
1

L f C f
, ξ =

R f

2

√
C f

L f
, Q =

1
R f

√
L f

C f
(11)

where ωn, ξ and Q denotes the natural frequency, damping factor, and quality factor,
respectively.

2.2. Furnace Transformer

The furnace transformer involves a unique design, and its circuit equation can be
derived as follows:

Etr =
√

3Z1 Ie + U1 (12)

where Z1 defines the impedance of the furnace transformer that can be formulated us-
ing Equation (13). Further, the term Ie and U1 denote the electrode current and source
voltage, respectively.

Z1 =
√

R2
1(I2.T) + X2

1(T) (13)

where R1 and X1 are the resistance and reactance of the transformer, and they can be
represented as below:

R1 =
PEF − Parc

3I2
e

(14)

X1 =
1√
3Ie

√
∆U2

1 −
(PEF − Parc)

2

3I2
e

(15)

where PEF and Parc are the furnace and arc power, respectively.
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2.3. SVC

To obtain steady-state power for EAF and improvement of voltage profile, SVC
is adapted that can inject or absorb the reactive power based on the incoming circuit
nature [34,35]. It consists of a fixed capacitor, inductor and thyristor controlled rectifier, as
illustrated in Figure 4. The total reactive power injection or absorption of the device can be
expressed as follows [30,31]:

QSVC = B×V2 (16)

where ‘B’ denotes a susceptance offered by the SVC that can control the reactive power
(positive value terms the injection and negative scale represent the absorption) and V
represents the voltage. The range of the susceptance can be formulated as follows:

Bmax =
1∣∣∣ Sb

Qcap

∣∣∣+ ∣∣XTpu
∣∣ (17)

Bmin =
1∣∣∣ Sb

Qind

∣∣∣− ∣∣XTpu
∣∣ (18)

where Sb represent the base power in MVA, XTpu is the transformer reactance in per unit,
Qcap and Qind are the reactive capacitance and reactive inductive, respectively, and Bmax
and Bmin are the maximum and minimum reactive power of the capacitor and induc-
tor, respectively. The total capacitance required for the design is calculated using the
following equation.

C =
Bcap

2π f
(19)

Electronics 2021, 10, x FOR PEER REVIEW 8 of 20 
 

 

𝑋ଵ = 1ඥ3𝐼௘ ඨ∆𝑈ଵଶ − ሺ𝑃ாி − 𝑃௔௥௖ሻଶ3𝐼௘ଶ  (15) 

where 𝑃ாி and 𝑃௔௥௖ are the furnace and arc power, respectively. 

2.3. SVC 
To obtain steady-state power for EAF and improvement of voltage profile, SVC is 

adapted that can inject or absorb the reactive power based on the incoming circuit nature 
[34,35]. It consists of a fixed capacitor, inductor and thyristor controlled rectifier, as il-
lustrated in Figure 4. The total reactive power injection or absorption of the device can be 
expressed as follows [30,31]: 𝑄ௌ௏஼ = 𝐵 × 𝑉ଶ (16) 

where ‘B’ denotes a susceptance offered by the SVC that can control the reactive power 
(positive value terms the injection and negative scale represent the absorption) and V 
represents the voltage. The range of the susceptance can be formulated as follows: 𝐵௠௔௫ = 1ฬ 𝑆௕𝑄௖௔௣ฬ + ห𝑋்௣௨ห (17) 

𝐵௠௜௡ = 1ቚ 𝑆௕𝑄௜௡ௗቚ − ห𝑋்௣௨ห (18) 

where 𝑆௕ represent the base power in MVA, 𝑋்௣௨ is the transformer reactance in per 
unit, 𝑄௖௔௣ and 𝑄௜௡ௗ  are the reactive capacitance and reactive inductive, respectively, 
and 𝐵௠௔௫ and 𝐵௠௜௡ are the maximum and minimum reactive power of the capacitor 
and inductor, respectively. The total capacitance required for the design is calculated 
using the following equation. 𝐶 = 𝐵௖௔௣2𝜋𝑓  (19) 

 
Figure 4. Model of SVC. 

Figure 4. Model of SVC.

The following condition needs to satisfy for adequate compensation:

QSVC = Qload −Quncompensated (20)

Bcap =
Qload −Quncompensated

V2
rms

(21)

QSVC, min < QSVC < QSVC, max (22)
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2.4. Electric Arc Furnace (EAF)

The modeling of EAF is performed based on the V-I Characteristics (VIC), which
comprises a solution of a non-linear differential equation that meticulously approximates
the actual arc furnace. The accurate and linearized model VIC is compared to justify
the precision between them as represented in Figure 5. The vital parameters such as
ignition and extinction voltage are considered to determine the arc length during the
operation. Various time-domain models can be derived by approximating the actual VIC
and described in the following sub-sections.
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2.4.1. Approximation Model

Based on the characteristic plot of V-I (voltage-current), a linear piecewise model EAF
is derived. With the arc length during arc furnace operation, the ignition voltage (Vig)
and extinction voltage of arc (Vex) are determined. The actual furnace model is derived
in a virtual platform using two linear equations. Therefore, the complete on cycle model
is considered, and the relation between voltages of arc and current of arc is described
as follows:

Voltage =


S1i i f − i ≤ i ≤ i1
S2i + Vig(1− S2//S1) i f i < i ≤ i2
S2i−Vig(1− S2/S1) i f − i2 ≤ i < −i1

(23)

where

i1 =
Vig

S1
(24)

i2 =
Vex

S2
−Vig

(
1
S2
− 1

S1

)
(25)

where ‘S1 ‘and ‘S2‘ represent a linear slope achieved from VIC approximation between the
limits −i1 and, i1 and i2 respectively; i1 and i2 are the arc current attained at the ignition
extinction voltage of the arc, respectively.

2.4.2. Piecewise Model

The accurate piecewise non-linear model can be developed by assuming a portion
of V-I characteristics. The processes of melting of arc are divided into different sections.
Initially, the magnitude of the voltage rises to ignition voltage vig from extinction voltage
−vex. Then, the resistor acts as a furnace arc, and the polarity of current varies from i3 to i1.
Secondly, the dissolving process gets started. Henceforth, an unexpected voltage drop of
exponential through the electrode has occurred, and therefore voltage of the arc is reduced
to vst from vig. Moreover, the current of the arc rises lightly from i1 to i2. Finally, a general
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dissolving procedure has taken place, i.e., the voltage of the arc linearly falls smoothly and
slows down from vst to vex, as described in Equation (26).

Voltage =



S1i (−i3 ≤ i ≤ i1.inc)
(−i1 ≤ i ≤ i3, dec)

Vst + (Vig −Vst) exp((i− i1)/iT) i1 ≤ i ≤ i2, inc
Vst + (i− i2)S2 i ≥ i2, inc
Vex + (i− i3)S3 i ≥ i3, dec
−Vst + (Vst −Vig) exp((i + i1)/iT) −i2 ≤ i ≤ −i 1

Vst + (i + i2)S2 i < −i2, dec
−Vex + (i + i3)S3 i < −i3,inc

(26)

where S1, S2, and S3 are the equivalent slopes of each section.

i1 =
vig

S1
iT = 1.5i1 i2 = 3i1 i3 =

vex

S1
(27)

2.4.3. Hybrid Model (Exponential-Hyperbolic)

The exponential furnace model is derived from V-I characteristics, and it can be
derived as follows:

Ve = Vat ×
(

1− e
i

I0

)
(28)

where Ve denotes the arc voltage derived from the exponential model; Vat represent the
threshold voltage; i defines the arc current per phase; and I0 denotes a current constant
that represents the positive and negative steepness of the model.

The hyperbolic furnace model derived from the same VIC using the following equation.

Vh = Vat +
C

D + i
(29)

where Vh denotes the arc voltage obtained from the hyperbolic model; the variables C and
D represent the arc power and current.

Then the hybrid model (Vhyb) is developed by combining both models, i.e., exponential
and hyperbolic. It can be formulated using the below equation.

Vhyb =

 Vat +
C

D+i f or low curent

Vat ×
(

1− e
i

I0

)
f or high curent

(30)

where Vat = A + B.l; A and B are the measurements from the experimental formula; and l
represent the arc length in centimeters. Further, the sinusoidal flicker in the power system
is derived using the below equation.

Vat = Vat0

[
1 + m. sin

(
ω f .t

)]
(31)

where m and ω f denotes a modulation index and flicker frequency, respectively.
It is a known fact that the flicker measurement is based on the RMS voltage of the

system and its respective frequency. The percentage measurement of flicker is computed
using the equation below.

%Voltage f licker =
RMS Voltage o f modulating wave f orm (RVMW)

Average RMS voltage (ARV)
(32)
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RVMW =
∆V
√2

=
V2p −V1p

2√2
and ARV =

V2p√2

2
+

V1p√2

2
=

V2p + V1p

2√2
(33)

where V2p and V1p represent the upper and lower peak voltage, respectively. After substi-
tuting the above equations, the percentage of voltage flicker is derived as follows:

%Voltage f licker =
V2p + V1p

V2p −V1p
(34)

3. Results and Discussions

The comprehensive model is designed in MATLAB Simulink software, and the simu-
lations are done for different cases. The input voltage and current, and the corresponding
output are studied for the three models. It consists of a three-phase input source shifted by
the angle 120◦ apart. The voltage-controlled source is adapted as a non-linear time-varying
case that represents the furnace model. The complete description of the model developed
in Simulink is illustrated in Figure 6. The output of the system is a non-linear time-varying
voltage that can be generated due to the input given as arc current. The model’s vital
parameters can be extracted, such as three-phase voltage and current and THD for two
cases, namely with and without SVC. In addition, flicker measurements are carried out
using Figure 7 that can be implemented in the SIMULINK.
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The proposed system is simulated to demonstrate the power quality of the supply
by illustrating the voltage and current harmonics, power factor, and voltage flicker. The
complete description of the observed results is discussed in the following subsections.
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3.1. Current and Voltage Waveforms

As stated earlier, the application of MC is simulated for two conditions, namely with
and without SVC integration into the developed model. The input voltage and current
for the matrix converter are derived from the filter circuit, as illustrated in Figure 8a,b
respectively. It is observed that the waveforms exhibit a controlled three-phase input that
can be given to the MC to meet the demand of the non-linear load (EAF). This is due to
adapting compensating devices that maintain a controlled input to the converting segment.
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Further, the waveforms of arc currents are illustrated in Figure 9 for both cases. It is
observed that there is a trivial variation of current magnitude between the hybrid model
with MC and a hybrid model with MC and SVC, i.e., 121.59 kA, and 123.26 kA, respectively.
The wave shapes of both cases are nearly similar, with a slight variation in the angle.

Similarly, the waveform for arc voltages is computed and illustrated in Figure 10. It
is observed that there is a variation in the voltage magnitude between the two cases as
described in the arc current. The voltage magnitudes are logged as 308 V and 314 V, i.e.,
with MC and MC-SVC. It is observed that the proposed system injects the required voltage
to the source that could stabilize the arc voltages commendably.
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3.2. Harmonic Analysis

The analysis of current harmonics is carried out for both cases and the respective
THDs are illustrated in Figure 11. It is observed that the hybrid model with MC shows the
least THD of about 3.16%. In addition, the THD of the hybrid model with MC and SVC
condense the rate further reached about 2.85%, which is the smallest compared with the
hybrid model with MC. This is due to the enhancement of power quality parameters with
SVC integration.
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Subsequently, the voltage harmonics are evaluated, and the respective characteristics
are illustrated in Figure 12. From the analysis, it is perceived that the THD of the SVC
model logged a better range of about 29.54%, which is exceptionally great compared with
the MC model (42.58%).
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It is noted that the proposed compensating scheme enhances not only the power factor
of the system but also aids in maintaining the THD level of the system within a band, as
described earlier.

3.3. Power Factor

After compensation, the systems power factor is measured with respect to time. SVC
injected the reactive power to a great extent to attain a better power factor, as demonstrated
in Figure 13. The load current combines with the compensating current of the SVC that
affects the closer to unity power factor, i.e., 0.9975. This ensures a superior power quality
enhancement for high non-linear loads, notably EAF.
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3.4. Voltage Flicker

The magnitude of voltage flicker is computed using dynamic characteristics that rep-
resent the melting process of the furnace. This operation exhibits severe voltage flickering,
and this can be derived through simulation study based on Equation (34). The evaluation
of voltage flicker can be considered as continuous voltage sags and swells. The proposed
compensating system, i.e., SVC can compensate voltage sag and swell as well as voltage
flicker. The observed results of flickering for voltage waveform and the respective cur-
rent components for a hybrid model with MC and SVC are illustrated in Figure 14. It is
known that there would be severe evidence of flicker during the melting process of the
furnace. However, the proposed model logged the most petite range than the hybrid model
with MC.
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evaluation of voltage flicker can be considered as continuous voltage sags and swells. 
The proposed compensating system, i.e., SVC can compensate voltage sag and swell as 
well as voltage flicker. The observed results of flickering for voltage waveform and the 
respective current components for a hybrid model with MC and SVC are illustrated in 
Figure 14. It is known that there would be severe evidence of flicker during the melting 
process of the furnace. However, the proposed model logged the most petite range than 
the hybrid model with MC. 
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4. Comparative Analysis

The comparative analysis is performed between the proposed and existing model for
various power quality parameters such as Ipeak, Vpeak, THDV, THDI, voltage flicker, and
power factor. The existing models considered in this study are the Cassie model and the
hybrid model (exponential-hyperbolic), and these performances are compared with the
hybrid-MC and hybrid-MC-SVC model illustrated in Figures 15–17.
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From the above figures, it is perceived that the peak voltage and current of the
proposed model show a more excellent value of 314 V and 123.26 kA, respectively, which
are more significant than other models. Moreover, the current and voltage THD is less for
the proposed model (2.8% and 29.54%, respectively), as illustrated in the above figures.
Further, the voltage flicker is compared with other existing models, and it shows a minor
percentage of 1.26%. Finally, the power factor of the proposed scheme exhibits a higher
value of 0.9975, which is greater than the other existing models. The overall performance
of the proposed model shows more excellent value due to their combined function of MC
and SVC.
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Considering all these inferences, it is observed that the proposed model with MC and
SVC enhances the quality of the power supply, and this can be applied to the real-time
furnace operation for effective characteristics.

5. Conclusions

This work demonstrated an advanced time-domain EAF model with DSP-based MC
and SVC. This proposed model enhanced the overall power quality of the system. The
following conclusions are made based on the observed results:

• The proposed model offers superior outcomes compared with existing EAF models.
• Arc currents and voltages (peak value) show greater magnitudes of about 123.26 kA

and 314 V, respectively.
• The proposed scheme offers the slightest current and voltage THD values of about

2.85% and 29.54%.
• The voltage flickering of the proposed model shows minimum scale compared with

other existing models, i.e., 1.26%.
• The power factor of the proposed scheme shows a superior rate of about 0.9975.

With these enhanced outcomes, the proposed method can be adapted for real-time
application i.e., a steel manufacturing plant that can offer enriched power quality with
energy-efficient operation.
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