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Abstract—Voltage fluctuations caused by rapid industrial load 

changes have been a major concern for both power companies 

and customers in the area of power quality. The fast response of 

the Static Compensator (STATCOM) makes it an efficient 

solution for improving power quality in distribution systems.This 

paper describes a model for a PWM-based STATCOM used in a 

distribution system for mitigation of voltage fluctuations 

produced by an Electric Arc Furnace (EAF).The analyzed system 

is modeled using MATLAB/Simulink Power system Blockset 

(PSB), including a complete STATCOM model with its power 

circuits and its control system. The complete model is validated by 

field test.Static and dynamic performance of STATCOM is 

evaluated and voltage fluctuation mitigation studies are 

performed and discussed. The voltage fluctuation mitigation is 

obtained by measurements and according to international 

standards. 

 

Index Terms- Arc Furnaces. Flicker. Harmonics. Power 

Quality. STATCOM. 

I. INTRODUCTION 

Many loads connected to electric power systems may cause 

power quality problems at all voltage levels and for very 

different power ratings due to their unbalanced and non-linear 

behavior characteristics. However, the main sources of power 

quality problems affecting large numbers of customers are the 

high power industrial loads. The rapid large swings in active 

and reactive power required by such loads cause rapid 

repetitive voltage variations with appreciable voltage 

distortion caused by harmonics and unbalance. The 

residential and commercial customers supplied by the same 

network are subjected to the impact of these voltage 

variations that produce disturbances to their equipment and 

flicker in the light output of their electric lamp 

EAF loads can result in serious electrical disturbances on a 

power system. Low level frequency modulation of the supply 

voltage of less than 0.5% can cause annoying flicker in lamps 

and invoke public complaints when the frequencies lie in the 

range of 3-10 Hz. 

Some form of reactive compensation is usually required to 

limit the disturbances injected by EAF into the electric power 

system, in particular the flicker. This is usually achieved by 

connecting a compensator to the busbar in which the 

disturbing load is situated. 

The most effective way to control voltage fluctuations and 

therefore to limit flicker is to compensate the reactive power 
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variations of the fluctuating loads at medium/high voltage 

levels. 

This paper presents the voltage flicker measured at a 

steelwork busbar, where an 8-tons, 2.5 MW EAF is 

connected. To mitigate the voltage fluctuation phenomenon, a 

4 MVAr STATCOM was included in the steelwork busbar. 

The mathematical model and the control strategy to 

compensate voltage fluctuations are explained and described 

in detail. The capability of the STATCOM to mitigate voltage 

fluctuations is demonstrated by digital simulations and 

experimental results. 

II. POWER SYSTEM CONFIGURATION 

The lay-out of power system is shown in Fig. 1. 

Fig. 1: Electrical system configuration. 
 

The steelwork is supplied directly from public distribution 

network at 13.2 kV. Measurements of three-phase voltages 

and currents were taken at point 1 (steelwork supplying point) 

and point 2 (primary of EAF feeding transformer). 

III. CHARACTERISTICS OF ELECTRIC ARC 

FURNACES 

An EAF consists of a refractory lined shell which holds the 

charge, usually scrap metal. Three large electrodes, usually of 

graphite, are held in special clamps on a swing support 

structure which can be swung aside for charging, and which 

allows each electrode to be raised or lowered according to the 

output of the control system. 

After the furnace is charged with scrap, operation begins by 

lowering the electrodes to strike electric arcs between the 

electrodes and the scrap. The heat generated by the three 

electric arcs provides the heat for melting and refining the 

scrap. 

There are several phases in the EAF operation, each 

presenting a different impact on the power system in terms of 

flicker, namely the: 

 Boring period. 

  

 Refining period. 
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Fig. 2 shows the measured EAF active and reactive power 

during a typical furnace heat. 

 
Fig. 2: Active and reactive power during a Furnace Heat. 
 

Depending on the operating states, the furnace load may 

change from a complete open circuit to a 3-phase short circuit. 

The reactive power drawn by the furnace will have a major 

impact on the feeding voltage generating a voltage drop on the 

primary side of the furnace transformer. 

Given the continuously changing nature of the arc, 

dynamically fast reactive compensation, such as that provided 

by STATCOM, is needed to stabilize the voltage of the 

feeding network during the whole scrap charge. 

The arc can be represented as a variable resistance in a 

simple single phase equivalent of the furnace and its supply 

system [1], as it is shown in Fig. 3. Although this model is a 

simplification of the real furnace and implies balanced EAF 

operation, it gives accurate account of furnace operation in 

terms of averaged quantities, as it was demonstrated in [7]. 

 
Fig. 3: Single-phase circuit for estimating furnace 

characteristics. 

If the electrodes are immersed in the liquid scrap, the load 

will be a 3-phase short circuit, which is equivalent to make Rf 

= 0 in Fig. 3. In these operating conditions, the IITREE 

measured 3-phase voltages and currents in point 1 of Fig. 3. 

The short circuit test is of fundamental importance to 

estimate the operating characteristics of the EAF. 

The parameters obtained from this test were: 

The short circuit reactance of the supply 

network:

 
The reactance of the flexible leads, the electrodes and the 

furnace transformer: 

 
The short circuit power at the steelwork 

substations  

The furnace short circuit 

power:  

It is possible now to estimate the general load variations of 

the electric arc furnace by using the equivalent circuit shown 

in Fig. 3. The results are shown in Fig. 4. 

 
Fig. 4: Furnace operating characteristics. 

 
 

A. Flicker Measurements 

Flicker measurements were made by the IITREE with the 

IEC 61000-4-15 normalized flicker meter [8]. Fig 5 shows the 

normalized one-week, 10-minute-interval Pst measurements. 
 

The obtained value of Pst95% = 2.21 is above the limits of 

European and Argentinian Standards. 

 

 
Fig. 5: Pstmeasurements during a week. 

 

B. Flicker compensation ratio 

The arc furnace apparent power could be determined 

according to the power factor limit. 

 
It is possible now to estimate the ratio between the EAF 

apparent power and the short circuit level at the steelwork 

substation. 
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With this K factor, it is possible to obtain the maximum 

flicker that could be emitted by the steelwork, according to 

Argentinian regulations [10]. 

 
According to this value, it is possible to estimate the flicker 

compensation ratio: 

 
This parameter is of fundamental importance for the 

determination of the STATCOM compensator size. 

IV. UTILITY/CUSTOMER DISTRIBUTION SYSTEM 

MODELING 

A digital simulation model of the distribution network is 

implemented by using the MATLAB/Simulink Power System 

Blockset (PSB). Fig. 6 shows the upper level of the 

distribution system for the voltage fluctuation mitigation 

study. 

 
 

Fig. 6: MATLAB model of Utility/Customer system. 

 

The EAF is modeled as three controlled current sources, 

controlled by the measured currents in the EAF during a 

furnace heat. The arc furnace model is shown in Fig. 7. 

 
Fig. 7: Arc Furnace model 

. 

These currents were injected into the model and the three 

phase to ground voltages at the steelwork busbar were 

measured. These voltages were compared with the voltages 

measured at the same point. The purpose of this simulation 

was to validate the power system model. The results are 

shown in Fig. 8. 

 
Fig. 8: Simulated and measured phase-to-ground 

voltages. 
 

The obtained results validate the EAF proposed model. 

V. STATCOM OPERATING PRINCIPLES 
 

The STATCOM is essentially a voltage source behind a 

coupling reactance with the corresponding V-I and V-Q 

characteristics [2]-[4] shown in Fig. 9. 

 

 
 

Fig. 9: STATCOM typical V-I and V-Q Characteristics. 

 

From Fig. 9, it is possible to conclude that: 
 

1)  The STATCOM can be operated all over its full output 

current range even at very low system voltage levels. In 

other words, the output current can be maintained 

independently from the a.c. system voltage. 
 

2)  The maximum VAr generation or absorption changes 

linearly with the a.c. system voltage. 
 

3)  The independence of STATCOM output from equivalent 

system impedance means that the voltage regulator 

controlling the STATCOM output can be designed for a 

faster response rate and can provide stable regulation 

over the range of system contingencies. 
 

The single line diagram of the STATCOM for reactive power 

supply to the transmission system is shown in Fig. 10, where 

U is the voltage of the steelwork busbar and Ecis the 

controllable output voltage. 
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Fig. 10: STATCOM scheme for reactive power generation. 

The active and reactive power exchanged between the 

network is given by: 

 
If the amplitude Ecof the output voltage phasor (Ec) is 

increased above the amplitude U of the a.c. voltage (U), then 

the current phasor leads the voltage phasor and current flows 

from the converter to the a.c. system and the converter 

generates reactive (capacitive) power to the system. 

If the amplitude of the output voltage phasor is decreased 

below that of the a.c. system voltage phasor, then the reactive 

current flows from the a.c. system to the converter, and the 

converter absorbs reactive (inductive) power from the a.c. 

system. This operation is illustrated in Fig. 11. 

 
Fig. 11: Capacitive and Inductive behavior of 

STATCOM. 

 

A. Obtaining the Compensator Rating 

From observations of practical installations the 

approximate equation for estimating the rating for an EAF 

STATCOM is given in [2]. 
 

 
Where: 
FI is the flicker improvement ratio 

SratedAF= (0.55 to 0.65)*Sscfis the rating of the arc furnace 

Sscfis the fault level of the arc furnace. 

In this case FI ≅ scf= 5.6 MVA and then SratedAF= 3.65 

MVA. By using (11), the compensator rating is obtained: 

QSTATCOM MVAr 

VI. DESIGNING STATCOM CONTROL SYSTEM 

FOR MITIGATING THE VOLTAGE 

FLUCTUATION 
 

The power system at the point of connection to the 

disturbing load busbar is characterized by its non-load voltage 

Esand its impedance Zs. At this point, the voltage is V and the 

load consumes active power P and reactive power Q. The 

representation of the power system with the EAF and the 

STATCOM is shown in Fig. 12. 

The voltage at the point of connection is given by the 

following equation, assuming per unit quantities on nominal 

rating base of EAF transformer and on nominal rated voltage. 

  (13) 

 

 
Fig. 12: Power system single line diagram. 

 

The current circulating in the network impedance is the sum 

of the current drawn by the arc furnace and the current 

injected by the STATCOM. 

   (14) 

The voltage drop in the network impedance is defined 

by:    (15) 

In polar form, the vectors can be expressed as: 

    (16) 

   (17) 

   (18) 

Giving: 

  (19) 

If we substitute wt = 0 and replace (19) in (13) then: 

(20) 

With wt = 0, it is possible to obtain the active and reactive 

part of each vector: 

  (21) 

   (22) 

 



International Journal of Science and Modern Engineering (IJISME) 

ISSN: 2319-6386, Volume-1 Issue-4, March 2013 

62 

Published By: 

Blue Eyes Intelligence Engineering  

& Sciences Publication  

Retrieval Number: D0195031413/2013©BEIESP 

  (23) 
 

If we replace the active and reactive part of each vector in (20) 

we obtain: 

(24) 

If we take the real and imaginary part of (24), we obtain: 

  (25) 

   (26) 

The real and imaginary part of the voltage drop in the 

network impedance can be written as: 

 (27) 

  (28) 

The vector diagram corresponding to (24) is shown in Fig. 

13. 

 

Fig. 13: Vector diagram corresponding to (24). 

 

The voltage drop in the network impedance caused by the 

arc furnace can be compensated by the step by step procedure 

described below: 
 

Step 1: The first step in achieving full compensation is to 

compensate the reactive current drawn by the arc furnace so 

that Isq= 0 by injecting a current reference equal to (-Ifq) into 

the compensator control system.  

Icqref Ifq  (29) 

 With Isq= 0, (27)-(28) become: 

   (30) 

    (31) 

 
Fig. 14: Vector diagram of (24) with Isq= 0. 

Step 2: Since the voltage fluctuation due to the active 

power drawn by the EAF remains, in the second step, 

compensation of the active power fluctuation is attempted by 

injecting an additional current Isq= (Rs/Xs)Isdto the reference 

of the compensator control system, i.e., injecting capacitive 

power proportional to Isdto compensate the remaining voltage 

drop. 

The reactive current reference for the STATCOM 

compensator becomes: 

Icqref Ifq Rs/ Xs Ifd   (32) 
 

Substituting with Isq= (Rs/Xs)Isdin (27)-(28) results: 

    (33) 

  (34) 

The vector diagram after the compensation of the real 

power fluctuations is illustrated in Fig. 15. 

 
Fig. 15: Vector diagram of (24) with Isq= (Rs/Xs)Isd 

 

STATCOM compensates the full reactive power absorbed 

by the arc furnace, and delivers some capacitive power Q to 

the network to reduce the remaining voltage fluctuation. 

VII. STATCOM CONTROL IMPLEMENTATION 

The DC-AC converter shown in Fig. 10 is a PWM 

synchronous inverter connected to a capacitor. The 

implementation of the control system is based on D-Q 

compensation theory. The voltage equations at the point of 

connection of the compensator, in the stationary a-b-c frame, 

are: 

   (35)  

   (36) 

   (37) 
 

The voltage equations in the stationary x-y frame are given 

by: 

(38) 

And by transforming the voltage equations from stationary 

x-y frame to the synchronous d-q frame, which is rotating with 

 
 

(3

9) 



 

Development of VSI Based STATCOM for Voltage Improvement & Reactive Power Compensation 

63 

 

Published By: 

Blue Eyes Intelligence Engineering  

& Sciences Publication  

Retrieval Number: D0195031413/2013©BEIESP 

 (40) 

 (41) 
 

It can be seen that Icdand Icqcan completely describe the 

instantaneous values of real and reactive powers produced by 

the STATCOM, therefore the control of the power injected 

into the system can be implemented by controlling Icdand Icq. 

The voltage equations transformed from the stationary 

a-b-c frame to the synchronous d-q frame are: 

(42)

                                          (43) 

To make the compensator input currents track the filter 

reference currents, the PI type current controllers can be 

utilized. However, the PI controllers do not work well for the 

coupled system described in (42)-(43). To avoid this problem, 

the following current controllers are more effective: 

                                     (44) 

(45)

(46)

          (47) 
 

The Icqrefis obtained as described in section VI. The Icdrefis 

obtained comparing the desired reference voltage for the 

capacitor VDCRefwith the present capacitor voltage with a 

PItype voltage controller. 

VIII. STATCOM PSB SIMULATION MODEL 

The 

capacitors and a control system. The STATCOM is coupled 

in parallel with the network through a step-up 0.4/13.2 kV 

- -[6]. 

A PWM pulse generator of 1.35 kHz is used to control 

IGBT bridge. The modulation scheme used is of sinusoidal 

type. The controller diagram is shown in Fig. 17. It consists of 

several subsystems: a phase-locked loop (PLL), a 

measurement system, an a.c. voltage regulator, a d.c. voltage 

regulator and a current regulator. 

The PLL is synchronized to the fundamental of the 

transformer primary voltage to provide the synchronous 

reference required by the abc-dq0 transformation. The 

measurement block computes the d-axis and q-axis 

components of the voltages and currents. 

The current regulation consists of two PI controllers that 

control the d-axis and q-axis currents according to (46)-(47). 

The controller outputs are the voltages Ecdand Ecqthat the 

PWM inverter has to generate according to (44)-(45) . Then 

these voltages are converted into phase voltages Eca, Ecband 

Ecc. 

 
Fig. 16: STATCOM circuit. 

 
Fig. 17: STATCOM Control System. 

IX. STATCOM PERFORMANCE 

The ability of a compensator to reduce flicker depends on 

the compensator size and the speed of response. In order to 

evaluate the speed of response and the frequencyresponse of 

the compensator, the Three-Phase Dynamic Loadfrom 

Simulink was utilized. The active power was set constantat 

2.5 MW, and the reactive power was set at 1.6 MVArconstant 

plus a sinusoidal part of 1.2 MVAr. This load isrepresentative 

of the active and reactive power levels reachedby the arc 

furnace during a complete heat cycle.Each simulation was 

performed at a single modulatingfrequency between 0.5 and 

10 Hz and the voltage spectralcomponents at the steelwork 

busbar were obtained with and without the STATCOM. The 

ratio between the spectral component is proportional to the 

flicker improvement ratio. The simulation was repeated with 

different values of proportional gain Kp in the current 

regulator. The results are shown in Fig. 18. 
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Fig. 18: STATCOM frequency response. 

X. STATCOM OPERATION WITH THE ARC 

FURNACE 

Digital simulations were performed to evaluate the flicker 

mitigation in different phases of operation of the EAF when 

the STATCOM was connected to the steelwork busbar. 

 

A. Boring period 

The voltage at the steelwork busbar and waveforms 

illustrating STATCOM performance are shown in Figs. 

19-21. 

Fig. 19: Steelwork busbar voltage. 

 

Fig. 20: Voltage spectral components. 

 

 
Fig. 21: Waveforms illustrating STATCOM 

performance. 

 

According to International Standards [9] and Argentinian 

Rules [10], the method to evaluate the flicker improvement 

ratio (Pstwithout/Pstwith) is by performing normalized 10-minutes 

Pst95% measurements with and without the compensator. 

The Simulink simulated voltage at the steelwork busbar was 

sent to the Hewlett Packard 33120A Arbitrary Waveform 

Generator for generating a voltage proportional to the voltage 

fluctuation. 

The output of the waveform generator was used to modulate 

the amplitude of a 220 Volt, 50 Hz sinusoidal voltage 

generated by a phantom load.  

This amplitude modulated signal was measured with the 

IEC 61000-4-15 normalized flicker meter Boconsult 

B9-DSP. The Pst95% values obtained are: 

Pst95%without = 1.96               (48) 

Pst95%with = 0.97                (49) 

FI = 2.02     (50) 

It must be taken into account that the flicker improvement 

ratio should not be constant because the speed of fluctuations 

varies and the performance of STATCOM varies as well. 

 

B. Melting period 

The results obtained are shown in Figs. 22-24. 

 

Fig. 22: Steelwork busbar voltage. 
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Fig. 23: Voltage spectral components 

 
.Fig. 24: Waveforms illustrating STATCOM 

performance. 

 

The simulated voltage during the melting period was 

measured with the flicker meter applying the same procedure. 

The values obtained are: 

Pst95%without = 1.70     (51) 

Pst95%with = 0.58     (52) 

FI = 2.93     (53) 

XI. CONCLUSIONS 

In this paper a detailed model of a STATCOM for arc 

furnaces voltage flicker compensation has been developed. 

Models of both power circuit and control system are 

described in detail and have been implemented in 

MATLAB/Simulink environment with Power System 

Blockset. 

The arc furnace was modeled as three controlled current 

sources controlled by the measured currents during the 

several phases of operation of a real arc furnace. The model 

was validated against the real measurements. 

The simulation results and the experimental flicker 

measurements performed show that the fast response and the 

flexible control system of the STATCOM allow an efficient 

mitigation of voltage flicker caused by electric arc furnaces. 

REFERENCES 

1. Reactive Power Control In Electric Systems. Timothy J. E. Miller. 

JohnWiley & Sons, Inc. 1982.ISBN 0-471-86933-3. 

2. Static Synchronous Compensator (STATCOM) for Arc Furnace 

andFlicker Compensation. WG B4. 19. CIGRE Publication. December 

2003. 

3. Understanding FACTS : Concepts and Technology of Flexible 

ACTransmission Systems. Narain G. Hingorani, Laszlo Gyugyi. 

Wiley-IEEEPress 1999. ISBN-0780334558 

4. Thyristor-Based FACTS Controllers for Electrical Transmission 

Systems.R. Mohan Mathur, Rajiv K. Varma. IEEE Press and Wiley & 

Sons, Inc.2002.ISBN 0-471-20643-1.Papers from Conference 

Proceedings (Published): 

5.  “Modeling and Simulation of a Distribution STATCOM using 

Simulink´sPower System Blockset”. P. Giroux, G. Sybille, H. L. Huy. 

Pp. 990-994.0-7803-7108-9/01. 

6.  “Voltage Flicker Mitigation Using PWM-Based Distribution 

STATCOM”. J. Sun, D. Czarkowski and Z. Zabar. Pp 616-621. 

0-7803-7519-X/02. 

7.  “Power Quality Measurements and Operating Characteristics of 

ElectricArc Furnaces”. F. Issouribehere, P. E. Issouribehere and G. 

Barbera. 2005PES General Meeting.0-7803-9156-X/05. Standards: 

8.  IEC 61000-4-15. Electromagnetic Compatibility (EMC). Part 4: 

Testingand measurement techniques. Section 15: Flickermeter. 

Functional anddesign specifications. 

9. IEC 61000-3-5. Electromagnetic Compatibility (EMC). Part 3: 

Limits.Section 5: Limitation of voltage fluctuations and flicker in 

low-voltagepower supply systems for equipment with rated current > 

than 16 A. 

10. Anexo a la Resolución ENRE 99/97. Base Metodológicapara el 

Controlde la Emisión de Perturbaciones. Etapa 2. 

 

 

 

 


