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Abstract— Electric Arc Furnaces (EAF) have been 

traditionally fed by means of a medium- to low-voltage 

transformer (between grid and electrodes), where the main 

control action consists of modifying the electrodes vertical 

position. This simple and robust arrangement suffers from grid 

“pollution” and poor current control. Current control of EAF 

by means of three phase modular inverters is reported here for 

the first time. Several control issues are analyzed and addressed, 

ranging from pure control (e.g. addressing load imbalance and 

limits due to low switching frequency) to system management. 

Two different current regulation methods are proposed and 

compared, namely a scalar approach and a vector method using 

“quasi-zero phase-lag” sampling and gains adaptation. The 

second technique achieves very good control, leading to lower 

oversizing of the converter stage and process optimization. 

Simulations have been performed including digital controller 

architecture, converters and arc electrical behavior. 

Preliminary experimental measurements are reported based on 

an actual plant. 

Keywords — Electric Arc Furnace, inverter, paralleled 

inverter, adaptive current control. 

 

I. INTRODUCTION  

The purpose of the EAF power system is to transfer heat to 

the metallic material in the furnace, by igniting electric arc 

conduction between graphite electrodes and the material to be 

heated. In fact, the electric arc corresponds to a high 

temperature plasma region, from which heat is propagated to 

the surrounding. Control of three-phase Electric Arc Furnaces 

has been traditionally accomplished by changing the 

electrodes vertical position (by means of hydraulic actuators), 

which ultimately modifies the arc length (distance between 

electrode tip and conducting material inside the furnace). A 

step-down transformer is normally adopted for feeding the 

electrodes, usually characterized by significant series 

impedance, which helps arc stability, provides current 

limitation and mitigates grid current harmonics. This solution 

is very robust, but suffers from several issues, especially the 

“pollution” of the electrical grid [1] (e.g. flicker, harmonics) 

and low Power Factor (PF), which require oversizing the 

power distribution system. Moreover, controllability is poor, 

since the mechanical system dynamics (hydraulic actuators) is 

slow compared to the quickly changes of electric arc 

conduction. In fact, the arc current vs. voltage behavior is 

complex and nonlinear, [2]-[4], especially in the initial phase 

of the process. 

Introducing power electronic conversion with fast current 

regulation represents a benefit for the entire process, 

guaranteeing reliable operation of the EAF close to its full 

heating capability, together with grid harmonics reduction and 

PF increase. Savings in materials (e.g. electrodes), energy and 

processing time are also expected, improving productivity. 

However, direct control of the arc current by means of power 

electronics was not feasible until very recent times, since the 

nominal power of a typical EAF is typically up to some tens 

of MW. Recent attempts at the introduction of controlled 

power converters in this application field are based on Active 

Series Reactor (ASR), allowing to dynamically change the 

impedance value during steel production process, [5]. 

Although this represents an interesting improvement over the 

typical EAF, controllability remains limited. 

In this paper, current control of EAFs by means of 

three-phase modular inverters (Insulated Gate Bipolar 

Transistor based) is introduced for the first time. Several 

theoretical and practical control issues related to EAF 

application are analyzed and addressed. The different 

conditions which occur during the process, such as strong load 

imbalance, open-circuit, (i.e. “two-electrodes” or 

“single-phase” operation) and short-circuit, are efficiently and 

safely managed. Two different current control methods are 

proposed and compared in simulation, one of them 

considering the 3-phase current and voltage RMS values 

(“scalar” control) and the other applying instant current 

control in the stationary reference frame (“vector” control). It 

will be shown that, despite the scalar control can lead to 

acceptable behavior, vector control obtains superior 

performances, with very stable RMS current level and fast 

current limitation. This is made possible by addressing 

specific details, such as time-varying load behavior, low 

switching frequency and large latency of the distributed 

control architecture. Adaptation of current controllers based 

on real-time estimation of load impedance and “quasi-zero 

phase-lag control” represent original solutions to these 

problems, aiming at maximization of the current regulation 

bandwidth, which allows lower oversizing of the power 

converter stage, finally resulting in cost reduction. 

Simulation investigation, optimization and validation prior 

to implementation of control algorithms have been performed 

by reproducing the overall digital control architecture and 

power electronic converters, including communication 

constraints among different modules and controllers. Both a 

complete analytical model from literature on gas discharge 

[1], and a novel empirical one, based on measurements from 

an actual plant, have been used for modeling the arc 

voltage/current relation. Finally, experimental results will be 

presented for an actual EAF plant. The most important 
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simulation results and preliminary experiments are presented, 

in order to validate the proposed concepts. 

 

II. SYSTEM ARCHITECTURE 

A sketch of the system architecture of the EAF application 

based on static power converters is shown in Fig. 1. On the 

left two parallel three-phase inverter modules are connected to 

a common distribution network. The furnace is placed beyond 

the wall, including electrodes and hydraulic actuators for 

vertical movement. The converter is composed by two 

three-phase inverters in parallel, coupled by series inductors. 

IGBT switching frequency is 1 kHz, but control update is 

performed with double-update PWM [6]. A control strategy, 

similar to the one in [7], has been developed to address the 

additional degree of freedom due to the parallel topology. In 

fact, even if the same switching commands are applied, the 

two currents might be different due to physical path or driving 

imbalance. Moreover, different current setpoints could be set, 

e.g. for fault-tolerance or temperature balancing. Details about 

this and the inverter hardware are reported in Table I. 

III. CURRENT CONTROL ISSUES 

The EAF supply converter is a peculiar case in terms of 

output requirements. The electric arc load is in fact strongly 

non-linear and variable, which also results in heavy 

imbalance. Given that switching frequency is very low, 

current control cannot be reasonably expected to obtain low 

harmonic distortion. Conduction behavior at each electrode tip 

is subjected to fact fast variations (especially at the beginning 

of the process), due to sudden motion of the solid metal. 

Moreover, due to the unknown plant characteristics, 

non-linearity and imbalance, most traditional control 

techniques, such as synchronous current control, are 

ineffective or not applicable. It should also be considered that 

the electrode height control (via hydraulic actuators) is also 

performing a control action, which has the main purpose of 

igniting or restoring the arc and obtaining the optimal arc 

characteristics. This also complicates current control, since 

every mechanical variation introduces disturbance to the 

electrical system and ultimately to current control. 

On the other hand, accurate regulation (e.g. low harmonic 

distortion) is not a crucial aspect within the production 

process, since the main purpose is generating heat within the 

furnace. The controller is then expected to properly manage 

heat generation within the furnace. In terms of current control, 

this means that the objectives are slightly different than usual 

cases, i.e. the following objectives are pursued: 

- accurate regulation of the RMS current value (i.e. 

thermal transfer is ensured, despite current distortion); 

- fast and effective current limitation, in order to minimize 

the oversizing of the power converter stage; 

- maximization of the conduction time (i.e. minimizing the 

occurrence of arc shut-off events) on all phases, 

compatibly with boundary conditions. 

Since the behavior of the arc discharge is passive, a 

simplified model can be built for the first-harmonic only, 

where each arc conducting channel is represented by a 

variable resistance. 

The overall equivalent circuit seen by the inverter is a 

resistor-inductor model, with strongly variable resistance. 

Considering the three wye-connected impedances at the 

inverter output, this translates into two main consequences: 

- the star center voltage is unknown (since it strongly 

depends on the load imbalance); 

- the equivalent impedance on a rotating axis (i.e. 

synchronous frame) varies within the electrical period. 

In particular, the second characteristic makes synchronous 

reference frame current control not practical, especially 

regarding stability (positive-negative sequence reference 

frame [8] are not suitable as well). The two proposed current 

control methods will be presented hereafter. In both cases, 

tuning criteria have been developed, and gain adaptation based 

on estimated impedance has been adopted. 

 

 
  

 

Fig. 1. Schematic view of the inverter and EAF layout (two parallel 

converters) and actual EAF picture. 

A. Load management: open-circuit, partial open-circuit and 

short-circuit 

The proposed control schemes provide current regulation in 

normal operating conditions, i.e. when arc is ON (i.e. ignited) 

on all the three electrodes, while the situations in which arc is 

shut-down (i.e. open-circuit) on one or more phases need to be 

considered separately. The operation modes can be resumed 

as follows:  

- Conduction (i.e. arc ignited) on all three phases 

(“3ON”); 

- Three phases open-circuit (“3OFF”); 

- One phase open-circuit, i.e. arc ignited on two 

phases (“1OFF”); 

- Short-Circuit on one or more phases (“SC”). 

The first step towards the implementation of a management 

strategy is the on-line determination of the actual operating 

mode, so that proper action can follow the detection of any 

mode change. The aim is to provide the most stable and 

smooth operation possible, which minimizes the occurrence 

of fault conditions and eventually maximizes on-time and 

productivity of the EAF plant. While short-circuit on a certain 

phase is easily detected when instant absolute value of current 

is above a certain limit, the other conditions pose some 



challenges. In fact, avoiding false recognition of 3OFF or 

1OFF is important for guaranteeing the best possible 

continuity of operation. 

The criteria adopted for detecting the various modes are 

based on real-time estimation of the phase impedance (scalar 

magnitude value). The definition of phase impedance, as 

adopted for the purpose of arc conduction detection, is based 

on the “fast-RMS” values (as will be defined in paragraph 

III.B) of phase voltage and current: 

𝑍̂𝑎,𝑏,𝑐 =
𝑉𝑅𝑀𝑆𝑎,𝑏,𝑐 

𝐼𝑅𝑀𝑆𝑎,𝑏,𝑐
 (1) 

If the estimated value overcomes a “high” threshold, 

“open-circuit” is detected on the considered phase, while a 

value lower than the “low” threshold corresponds to entering 

the normal conduction mode. The changeover between 

operating modes is ruled by an hysteresis logic as shown in 

Fig. 2. Open-circuit is assumed at the algorithm startup. The 

two thresholds are calculated based on the nominal resistance 

value, i.e. the ratio 

𝑅𝑛𝑜𝑚 =
𝑉𝑛𝑜𝑚 
𝐼𝑛𝑜𝑚

 (2) 

 

Short-circuit is a condition in which, in principle, current 

could be controlled by the normal regulator (thanks to the 

presence of series inductance). However, since the change 

from high arc voltage to short-circuit could happen abruptly 

(especially in the early stages of the heating process), fast 

current limitation should occur before the intervention of 

hardware protections on IGBT modules. Current limiting is 

obtained by applying a bang-bang controller only when 

current threshold is overcome. Current thresholds are chosen 

based on the maximum peak current acceptable, while voltage 

hysteresis values are determined based on the maximum 

current swing in one period (given inductance) and 

considering the worst-case (i.e. short-circuit). 
 

Operation in 1OFF mode must be considered separately 

because, differently from 3ON, only one “degree of freedom” 

(i.e. independent circuit variables) is present. In fact, the 

equivalent circuit only consists of two output phases in series, 

which translates into an equality condition among the two 

conducting phases: 

𝑖𝑂𝑁𝑝ℎ𝑎𝑠𝑒 1 = 𝑖𝑂𝑁𝑝ℎ𝑎𝑠𝑒 2 (3) 

This requires only one regulator to be active, which imposes 

the voltage difference between the two active phases. Its 

tuning must consider load consisting of twice the impedance. 

As already mentioned, the third (open-circuit) phase should be 

still fed with a “probing” voltage, e.g. a sinusoidal signal 

having amplitude 

𝑉𝑓𝑓 = 2𝜋𝑓𝑜𝑢𝑡𝐿𝑜𝑢𝑡 ·  √2 𝐼𝑅𝑀𝑆
∗  (4) 

Where 𝐼𝑅𝑀𝑆
∗ is the desired RMS current value. Application of 

this stimulus allows arc ignition to happen as soon as 

appropriate conditions are met (i.e. the electrodes are moved 

such that the distance between the electrode tip and the 

metallic material becomes sufficiently small), while ensuring 

limited ignition current at the same time. 
 

It is worth highlighting that each mode transition introduces 

a transient condition (especially from the control point of 

view) and thus requires careful management, e.g. regarding 

initial conditions of integral regulators. In fact, this is crucial 

for achieving smooth operation (i.e. avoiding overshoot, 

over-current and partial instability events) and fast recovery 

after the occurrence of undesired conditions. 

conduction

open-circuit

phase
state

ZLOW ZHIGH estimated 
impedance  

Fig. 2. Open-circuit detection logic. 
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Fig. 3. Normal RMS calculation (top) vs. “fast-RMS” algorithm (bottom). 
 

B. Simple (Scalar) Control 

The scalar control mode consists in the generation of three 

voltage waveforms, phase-shifted by 120 degrees. The 

amplitude of each is set by the RMS current regulator. The 

feedback loop compares the measured RMS value of each 

output current to the reference value, and modifies the voltage 

magnitude accordingly, as shown in Fig. 4 (for phase 𝑎). A 

feedforward amplitude value 

𝑉𝑓𝑓 = 2𝜋𝑓𝑜𝑢𝑡𝐿𝑜𝑢𝑡 ·  √2 𝑖𝑅𝑀𝑆
∗  (5) 

is added, with the main purpose of compensating for the 

expected voltage drop on the known inductance (i.e. the series 

inductance between the inverter output and the electrode tip). 

This value also corresponds to the voltage stimulus applied to 

open-circuit phases, in order to provide a “probing” voltage 

for the ignition of discharge (electric arc), while ensuring 

limited short-circuit current (as already introduced in 

paragraph III.A). 

This kind of controller achieves good performance in 

relatively steady conditions (e.g. final melting stage [5]) and 

allows to easily manage the open- and short-circuit conditions. 

However, the control bandwidth is heavily limited by the 

feedback delay, which is represented by the calculation of the 

RMS current, acting as a moving-average filter. With the aim 

of simplifying numerical implementation and reducing the 

equivalent phase-lag introduced by RMS calculation, a simpler 

algorithm has been adopted, which exploits a first-order 

low-pass filter having a reduced time-constant with respect to 

the length of the moving-average filter (i.e. one fundamental 

period). The adopted algorithm, which will be designated as 

“fast-RMS” in the following, is sufficiently accurate (although 

its output shows higher ripple) and much faster and less 

memory consuming than the typical implementation. 
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Fig. 4. Scalar current schematic (phase 𝑎). 
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Fig. 5. Vector control loop schematic (α-axis). 

 

C. Vector control (with impedance estimation-based 

adaptation) 

In the proposed vector control approach, current regulation 

is implemented in the stationary-reference frame, by means of 

two nested control loops (Fig. 5). The outer one (RMS) 

generates a suitable value for the RMS current reference, 

which is applied to the real current controller (depicts a 

simplified schematic for the 𝛼-axis). The RMS control loop 

was introduced to cope with current harmonics (which 

substantially contributes to the RMS value). Since distortion 

cannot be eliminated, at least the RMS value (which quantifies 

the thermal effect) is driven to the desired value. Fig. 5 depicts 

a simplified schematic for the 𝛼-axis, the 𝛽-axis one differs 

only in the phase of the phase of the sine wave for current 

reference calculation, which is shifted by 90 deg. It is worth 

noticing that, in this case, the RMS regulator outputs the 

amplitude of a current sine wave, while in the scalar control 

the regulator output is assigned to the voltage amplitude. 

The outer regulation loop has been introduced in order to 

compensate for the typically large harmonic content of 

current, which brings non-negligible contribution to the RMS 

value. In fact, given the low switching frequency and load 

characteristics (i.e. imbalance, variability, non-linearity), it is 

not possible to reduce current harmonic distortion to a great 

extent, as simulations pointed out. In general, the RMS control 

dynamics will be very slow (i.e. in the order of few Hz) with 

respect to the real current control loop, for stability reasons 

and in order to guarantee smooth starting at the beginning of 

the process or, in general, after changes in the control mode. 

Tuning of this regulator is relatively simple, since the 

dynamics of the controlled plant is close to unitary gain and 

dominated by the fast-RMS calculation low-pass filtering 

effect. Since the desired bandwidth will be lower than the 

fast-RMS bandwidth, and much lower than the current control 

one, a basic way for tuning the RMS loop is to set the 

proportional gain equal to the desired bandwidth (in rad/s), 

while the regulator time-constant equal to the fast-RMS one, 

i.e. 

𝐾𝑝𝑅𝑀𝑆 =
𝐵𝑅𝑀𝑆

𝐵𝑓𝑎𝑠𝑡-𝑅𝑀𝑆
   ,   𝜏𝑅𝑀𝑆 =

𝐾𝑝𝑅𝑀𝑆
𝐾𝑖𝑅𝑀𝑆

=
1

2𝜋 𝐵𝑓𝑎𝑠𝑡-𝑅𝑀𝑆
 (6) 

where 𝐵𝑅𝑀𝑆 is the desired RMS regulation bandwidth (in Hz) 

and 𝐵𝑓𝑎𝑠𝑡-𝑅𝑀𝑆  is the fast-RMS low-pass filtering bandwidth 

(in Hz). Lower values of 𝜏𝑅𝑀𝑆 will result in higher disturbance 

rejection, thus faster recovery after changes in load behavior 

and consequent distortion of the controlled current. 

 

As can be seen in Fig. 5, actual current control is based on 

sampled current feedback 𝑖𝛼 , which is compared to the 

sinusoidal reference generated based on the RMS regulator 

output. A feed-forward voltage component is added, which is 

calculated as for the scalar control in (4), in order to 

compensate for the expected inductive drop. 

Design of the regulator is complicated by the extreme 

uncertainty on load behavior. In fact, arc behavior can vary 

widely (in principle, from open- to short-circuit), and normal 

voltage vs. current characteristic is non-linear. However, the 

presence of constant and known series inductance and the 

minimum resistance value (i.e. due to the inverter to electrode 

connections) allow to make some considerations on stability. 

If a first-harmonic simplification is considered, simple design 

rules for the current regulator gains such as the following, 

based on zero-pole cancellation,  

𝐾𝑝𝑐 = 2𝜋𝐵𝑐  𝐿𝑜𝑢𝑡       ,       𝜏𝑐 =
𝐾𝑝𝑐
𝐾𝑖𝑐

=
𝐿𝑜𝑢𝑡
𝑅𝑛𝑜𝑚

 (7) 

where 𝐵𝑐  is the desired current control bandwidth in Hz, 

𝑅𝑛𝑜𝑚 is the nominal resistance (i.e. the ratio between nominal 

arc voltage and current), ensure stability in a wide range of 

equivalent arc resistance, as shown in Fig. 6 for arc resistance 

between 0.1 and 10 times the nominal value. Smaller 

time-constant values lead to better disturbance rejection, but 

decrease, on the other hand, the stability margin. 

In order to achieve a better compromise between stability 

and performances, a gain adaptation algorithm has been 

applied, in which the integral gain value is recalculated based 

on the on-line estimate of impedance: 

𝐾𝑖𝑐𝛼,𝛽
= 2𝜋𝐵𝑐  𝑍̂𝛼,𝛽 (8) 

The estimates 𝑍̂𝛼 ,  𝑍̂𝛽  are calculated based on the ratio 

between RMS values of 𝛼𝛽 voltage and current, as in (1). 

 

 
Fig. 6. Bode diagrams of the current control open-loop transfer function 

designed as in (7), with different load resistance values 

(green: 𝑅 = 𝑅𝑛𝑜𝑚, blue: 𝑅 = 0.1 𝑅𝑛𝑜𝑚, red: 𝑅 = 10 𝑅𝑛𝑜𝑚). 

 

D. Quasi-Zero Latency Current Control 

In order to meet the bandwidth and disturbance rejection 

requirements, a high-gain and low-latency current control path 

is required. Given the very low switching frequency, 

maximum duty-cycle update rate will be very low, although 

double-update PWM is applied. A single control-cycle delay 

would theoretically limit the bandwidth to approximately 

200 Hz but, due to the variability of the load, the bandwidth 

would need to be less than 150 Hz. 

However, it can be assumed that executing the time-critical 

part of control algorithm (i.e. the instant current control) 

would take less than 100 µs in the worst-case (e.g. large 

communication protocol latency). This means that the actual 

control delay, i.e. the time elapsed between current sampling 

and loading of the compare values in the PWM peripheral, can 

be reduced by at least 5 times (i.e. from 500 to 100 µs). Fig. 7 



shows the time diagram of the adopted implementation. It is 

important to mention that, in this case, sampling is no more 

synchronous with the PWM, i.e. the sampled current value 

will no more correspond to the average current within the 

switching period. Deviating from synchronous sampling [9] 

required proper current compensation. 

In order to overcome this accuracy issue, two different 

methods have been tested in simulation, both exploiting 

double current sampling for each PWM period, i.e. both at the 

beginning of the period and 100 µs before, when the algorithm 

execution is started. In one case, the sampling accuracy is 

improved only for the RMS value calculation and regulation 

(i.e. for the part of the algorithm that is not strictly real-time), 

which is performed at a different time instant with respect to 

the instant current control. The second solution introduces 

current sample compensation, i.e. prediction of the current 

value which will occur 100 µs after. 

The reduction in equivalent delay in the regulation loop is 

from 1 ms (i.e. the sum of half switching period and one 

control update period) to 600 µs, i.e. (i.e. one control update 

period plus 100 µs), allowing a practical increase of the stable 

control bandwidth from 150 to 300 Hz. 
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Fig. 7. “Quasi Zero Delay” timing diagram. 

 

E. Control of parallel inverter stages 

As already mentioned, the converter stage is composed by 

two three-phase inverters in parallel, coupled by means of two 

series inductors (no capacitor is added at the connection node). 

A peculiar control strategy has been developed in order to deal 

with the degrees of freedom of the system, which is similar to 

the method [7], but has some important differences. In fact, if 

the same voltage references are given to the two modules, 

possible physical or driving imbalance between the two 

branches (e.g. due to differences in power components, 

propagation delay, temperature or other hardware parameters) 

would result in different currents to be flowing. Moreover, the 

system could be required to run with different currents, e.g. 

for energy-saving, for fault-tolerance reasons or due to 

temperature balancing issues. 

This issue has been addressed by adopting a specific control 

strategy (on top of the normal current control), where 

regulators based on a novel differential- and common-mode 

framework transformation have been studied, developed and 

implemented. The basis of the method will be briefly 

introduced in the following. 

The equivalent circuit for parallel inverter configuration is 

shown in Fig. 8. Inductances 𝐿1  and 𝐿2  in series with the 

Voltage Source Inverter equivalent elements (𝑉1  and 𝑉2 ) 

represent equal impedances which separate inverters. The load 

is represented by a single impedance and an arbitrary voltage 

generator. Indeed, it will be shown that the behavior of parallel 

current sharing is not affected by the characteristics of the 

load, i.e. complete decoupling can be obtained between the 

dynamics of current imbalance (i.e. 𝐼1 − 𝐼2) with respect to 

common-mode current 𝐼. 
In the following, Laplace domain representation of the 

circuit shown in Fig. 8 will be considered. All quantities, 

including impedances, will represent Laplace transforms 

and/or transfer functions. The approach is the most general, 

considering 𝑁  branches, until the last equations, where the 

two-parallel case is specifically analyzed. The voltage across 

the parallel branch can be written using the Millman’s 

theorem:  

𝑉𝐴𝐵  =  

𝑉1
𝑍1
+
𝑉2
𝑍2
+
𝑉𝑙𝑜𝑎𝑑
𝑍𝐿

1
𝑍1
+
1
𝑍2
+
1
𝑍𝐿

 (9) 

where 𝑍1  and 𝑍2  are the impedances of 𝐿1  and 𝐿2 , 

respectively, which will be considered almost equal in the 

following, i.e. 𝑍1 ≈ 𝑍2 = 𝑍𝑁  (i.e. small imbalance between 

inverter coupling inductances is assumed). If the 

common-mode voltage is defined as 

𝑉𝐴𝑉𝐺 ≜
∑𝑉𝑥
𝑁

 (10) 

where, for the case considered here, 𝑥 = 1,2  and 𝑁 = 2 . 

Equation (9) can then be simplified: 

𝑉𝐴𝐵  =  

𝑉1 + 𝑉2
𝑍𝑁

+
𝑉𝑙𝑜𝑎𝑑
𝑍𝐿

2
𝑍𝑁
+
1
𝑍𝐿

 =  
1

𝐷
(
∑𝑉𝑥
𝑍𝑁

+
𝑉𝑙𝑜𝑎𝑑
𝑍𝐿
) (11) 

with 𝐷 being 

𝐷 = 
𝑁

𝑍𝑁
+
1

𝑍𝐿
 =   

𝑁𝑍𝐿  +  𝑍𝑁
𝑍𝑁𝑍𝐿

 (12) 

Currents on each parallel branch can be calculated as 

𝐼𝑥 =
𝑉𝑥 − 𝑉𝐴𝐵
𝑍𝑥

 =  
1

𝑍𝑁
[𝑉𝑥 −

1

𝐷
(
∑𝑉𝑥
𝑍𝑁

+
𝑉𝑙𝑜𝑎𝑑
𝑍𝐿
)]  

=
𝑉𝑥
𝑍𝑁
− 
∑𝑉𝑥

𝐷𝑍𝑁
2 −

𝑉𝑙𝑜𝑎𝑑
𝐷𝑍𝑁𝑍𝐿

 

(13) 

Common-mode current can be obtained by summing the 

currents on each branch: 

𝐼𝐴𝑉𝐺  ≜  
∑ 𝐼𝑥
𝑁
 =  
∑𝑉𝑥
𝑁𝑍𝑁

 −   
𝑁 ∑𝑉𝑥

𝑁𝐷𝑍𝑁
2  −  

𝑁𝑉𝑙𝑜𝑎𝑑
𝑁𝐷𝑍𝑁𝑍𝐿

  (14) 

which results, after simplification, in 

𝐼𝐴𝑉𝐺  =  
𝑉𝐴𝑉𝐺  −  𝑉𝑙𝑜𝑎𝑑
𝑁𝑍𝐿 + 𝑍𝑁 

  (15) 

The differential-mode current is 𝐼12 ≜ (𝐼1 − 𝐼2)/2, which 

can be simply obtained from (13): 

𝐼12 =
𝐼1 − 𝐼2
2

 =  
𝑉1 − 𝑉2
2𝑍𝑁

 =  
𝑉12
𝑍𝑁

 (16) 

As can be seen from , differential current only depends on 

differential voltage 𝑉12 ≜ (𝑉1 − 𝑉2)/2, while common-mode 

current 𝐼𝐴𝑉𝐺  only depends on common-mode voltage, i.e. the 

dynamics of the two quantities is fully decoupled and can be 

separately controlled by operating in a transformed system, in 

which current and voltage signals are separated into 

common- and differential-mode components. 



This allows to consider a single-branch circuit, when 

analyzing the behavior of the overall three-phase system. In 

fact, the same control approach can be adopted for the control 

of the total (or average) current, despite the one single or 

multiple branches are present. A dedicated control “module” 

for the management of a specific parallel configuration can 

then be added separately. It is worth noticing that these results 

can be easily generalized for cases where different numbers of 

parallel branches are present, by simply iterating the process 

of splitting the branches into two groups and calculating the 

common- and differential-mode currents. The proposed 

approach has been tested in simulation, confirming the 

correctness of the findings. 

 

 
Fig. 8. Equivalent diagram of parallel inverter configuration. 

 

IV. SIMULATION AND EXPERIMENTAL TESTING 

Simulation of the complete power and control system has 

been carried out using a dynamical simulation tool. The 

control algorithm has been implemented in discrete-time, 

accurately including the effect of real-world delays, which 

strongly limit regulation performances. The load behavior has 

been modeled according to different approaches, ranging from 

a resistor and switch network to an analytical gas discharge 

model. 

A. Arc behavior model 

The basic model for the arc behavior consists in stepwise 

variable resistances in series to each inverter output phase 

(implemented as a resistor-switch network). This is useful for 

testing short-circuit, open-circuit, nominal operation and 

related transitions, but does not reproduce realistic arc 

behavior, which is characterized by strongly non-linear 

dynamics. A more refined model has been built based on 

Cassie-Mayr equations on gas discharge dynamics [1]-[4], 

which allow to obtain the dynamical value of resistance given 

the arc parameters and state and accurately representing the 

arc ignition dynamics. It is worth noticing that previous 

literature considered sinusoidal voltage input to the arc model, 

which simplified analysis and simulation, while in this case 

the aim is simulating current control, which results in distorted 

voltage and current (i.e. input waveform and amplitude are not 

known a priori). 

Simulation of the arc using the Cassie-Mayr model poses 

some challenges in the numerical solver and regarding the 

choice of parameters in order to fit the real behavior. from the 

point of view of the numerical solution of dynamics equations, 

issues related to continuity arose during simulation, which 

required careful implementation. Moreover, most of the 

model parameters are unknown and it is difficult to relate their 

values to the resulting voltage vs. current characteristic, so that 

identification from measurements was not possible. 

For these reasons, an empirical model has been developed, 

which is based on measurements (Fig. 9). The envelope of the 

voltage waveform was extracted, and recorded voltage has 

been normalized by dividing the original measured values by 

the amplitude envelope. This allows to obtain the current vs. 

normalized voltage scatter plot (blue dots in Fig. 10), which 

shows an underlying hysteretic behavior. Based on the 

behavior observed in this diagram, two average curves have 

been identified, the magenta one for negative-to-positive 

current and the green one for positive-to-negative current. The 

voltage resulting from this curve is then multiplied by the 

measured envelope or by an arbitrary trend of the voltage 

amplitude. As shown in the lower diagram of Fig. 9, the 

empirical model fits very well the measured voltage (except 

for noise). 

 

B. Simulation and experimental results 

A comparison of simulation and experimental results in the 

case of scalar control has been performed. Fig. 11 reports a 

test sequence (comprising 3ON, 3OFF, 1OFF, SC, in ~60 ms 

steps), showing current and voltage. The required current 

setpoint (5 kA peak) is not maintained due to the load 

impedance variations and overcurrent protection logic is 

triggered a few times. Experimental measurements from EAF 

in similar operating conditions is reported in Fig. 12, phase 

current (green) and electrode voltage (orange). The proposed 

vector control has also been simulated with the same test 

sequence, adopting normal sampling and “quasi-zero latency 

control” (Fig. 13 and Fig. 14, respectively). Standard sampling 

(Fig. 13) achieves lower distortion than scalar control, but 

peaking happens during transients and the RMS value does 

not reach the setpoint. “Quasi-zero latency control” (Fig. 14) 

achieves the best results (e.g. flat RMS current traces). 

It should be noted that the operating conditions considered 

in simulations concentrate a sequence of transient events in 

very short times (in order to shorten the total simulation time), 

which is not likely to happen in the real application. However, 

acquisitions from the field show that the load is strongly 

dynamic, especially during the initial phases of the heating. 

This condition is challenging for the scalar control and vector 

control with standard sampling approach, while can be 

effectively managed by the proposed solution with “quasi zero 

phase-lag”. 

  



 

 

 

  

  
Fig. 9. Measured arc current and voltage. Fig. 10. Voltage vs. current characteristics. 

  
Fig. 11. Scalar control (simulation). Fig. 12. Scalar control (experimental). 

  
Fig. 13. Standard vector control (simulation) Fig. 14. Quasi-zero latency control (simulation). 



TABLE I      INVERTER PARAMETERS 

Quantity Value 

rated output voltage 80 VRMS 

rated output current 10 kARMS 
DC-bus voltage 550 V 

switching frequency 1 kHz 

number of 3-phase inverter modules up to 6 

 

V. CONCLUSIONS 

In this paper, digital (PWM-based) current control of EAFs 

by means of three-phase modular inverters has been 

introduced for the first time. Different issues related to the 

peculiar characteristics of the arc load (strong non-linearity, 

variability, imbalance) have been addressed, despite the 

limitations of the large-power hardware, especially its low 

switching frequency. 

In order to cope with several challenges posed by the 

application, novel proposals have been presented and 

validated through simulation: 

- scalar control for simple implementation and fast 

commissioning; 

- automatic adaptation of the current controller’s integral 

gain, based on estimated impedance; 

- management and control of the different operation modes 

and related transitions; 

- nested control loops for instantaneous current control 

(inner, faster) and RMS value (outer, slower) and related 

tuning rules; 

- control of paralleled inverters connected through series 

inductance (without capacitor coupling); 

- implementation of analytical (Cassie-Mayr) and 

empirical model of the arc load dynamical behavior, for 

simulation of load under PWM-based current control. 

The two main solutions proposed, i.e. scalar and vector 

control in the stationary reference frame have been simulated, 

including discrete-time effects and inverter PWM. The 

simpler method, i.e. scalar control, has been tested on an actual 

plant, showing that it is not able to achieve sufficient arc 

current stability. Simulation of the vector method 

demonstrates superior performance, especially when the 

“quasi zero phase-lag” sampling approach is adopted. The 

system is able to keep the arc conducting, with properly 

limited current, even in the case of sudden short-circuit and 

step increase of arc voltage. The method is expected to 

improve the exploitation of the plant (increasing the arc 

on-time) and thus to potentially decrease heating time and 

energy consumption. Experimental testing of this method is 

planned for the next future. 
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