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Electric arc furnaces are nonlinear and time-varying loads, which cause power disturbances. 
This paper presents an analysis of the power quality of electric ferro-alloys arc furnaces by 
analysis of the results carried out at Egyptian ferro-alloys company (EFACO). The various 
electrical quantities like: harmonics, currents, and flicker etc. as well as the regarding power 
quality are measured and recorded at specific voltage buses; the same are compared with power 
quality standards.            
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1. INTRODUCTION 

 
The use of electric arc furnaces (EAF) has grown dramatically in the last decades. An 

electric arc furnace transfers electrical energy to thermal energy in the form of an electric arc 
to melt the raw materials held by the furnace. The arc is established between an electrode and 
the melting bath and is characterized by a low voltage and a high current [1]. 
Power quality has become a major concern for utility, facility and consulting engineers in 
recent years.  It is common experience that electrical power of poor quality has detrimental 
effects on health of electric equipment and system more over power system stability, and 
continuity. Also, the reliability falls with degradation of quality of electric power.  
     Arc furnaces are designed for very large power input ratings.  The electric arc furnaces 
can affect other users that due to the voltage-current characteristic of the arc, which are non-
linear and can cause large power quality problems on the electrical network, mainly 
harmonics, inter-harmonics, flicker and voltage imbalances [2]. 
    Due to the difficulty of achieving the best service conditions (pure waves and fixed 
voltage) at each consumer terminals, the power quality international standards such as the 
IEC and IEEE standards have appeared to give the acceptable disturbances levels of each 
electrical variable [3].     
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2. BEHAVIOR OF THE ELECTRIC ARC FURNACE 

 
The electric arc furnace consists of a refractory lined shell, which holds the charge. Three 

large electrodes, usually of graphite, are held in special clamps on a swing support structure, 
which can be swung aside for charging and allows each electrode to be raised or lowered 
according to the output of the control system [4]. Electrical energy is supplied to the graphite 
electrodes via a heavy duty three-phase furnace transformer. The transformer is connected to 
the electrodes via flexible cables to allow vertical movements. The objective behind the 
vertical movements of the electrodes is to control the lengths of the electric arc. After the 
furnace is charged with mixture, operation begins by lowering the electrodes to strike electric 
arcs between the electrodes and the mixture. The heat generated by the three electric arcs 
provides the energy required to melt the mixture. 

Ferro-silicon contains about 75-90% silicon and minor amounts of iron, carbon, etc. It is 
produced by using quartzite, iron ore, coke and electrode paste. Around 1.75 to 2 tons of 
quartzite are required to produce one ton of ferro-silicon. A very high consumption of power, 
i.e., 9,000 to 10,000 kWh is required to produce one ton ferrosilicon [5].  
Silicon furnaces are usually operated in cycles with stoking and charging. During stoking, the 
thin crust on top of the charge is broken and old charge is pushed towards the electrode [4]. 
The new charge is then laid on top of the old charge. As a result of the smelting process in a 
furnace, molten ferrosilicon is produced. Since silicon and ferrosilicon have higher density 
compared to charge materials, it is accumulated at the furnace bottom. The melt then must be 
removed from the furnace for being more processed through ladle refining, casting, 
granulation, etc. Tapping is the process of removing liquid metal from the furnace. 

With energy applied to the arc furnace, the position of raw materials in furnace is highly 
heterogeneous and will cause irregular variations in the lengths of the electric arcs so the 
electric arc is the main nonlinearity in the arc furnace process which leads to power 
fluctuations 

 
3. THE PROMINENT POWER QUALITY ASPECTS 

 
The prominent power quality aspects considered are the following: 

Voltages and currents are non sinusoidal quantities, and can be expressed by relations: 
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where VK , IK are the RMS of each k-harmonic of voltage and current, respectively, (ω) is the 
angular frequency, )( Kγ  is the phase angle of each k-harmonic of voltage, )( Kϕ  is difference 

of each phase angle of k-harmonic of voltage and current, t is the time [6]. 
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-   the power factor: 
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where D is the distortion (deforming) factor  

                 222 QPSD −−=                                                                                          (7) 

 
Voltage THDv: Total Harmonic Distortion of the voltage waveform. THDv is the ratio of 

the root-sum-square value of the harmonic content of the voltage to the root-mean-square 
value of the fundamental voltage 
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   V1, V2, V3, etcetera are harmonic voltages, in volts. V1 refers to the fundamental frequency 
voltage. 

Current THD: Total Harmonic Distortion of the current waveform. THD is the ratio of 
the root-sum-square value of the harmonic content of the current to the root-mean-square 
value of the fundamental current.  
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I1, I2, I3, et cetera are harmonic currents, in amperes. I1 refers to the fundamental frequency 
current. 

Current TDD: Total Demand Distortion of the current waveform. TDD is the ratio of the 
root-sum-square value of the harmonic current to the maximum demand load current 
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4. POWER QUALITY STANDARDS 

 
Electric Power Quality (EPQ) is a term that refers to maintaining the near sinusoidal 

waveform of power distribution bus voltages and currents at rated magnitude and frequency. 
Thus EPQ is often used to express voltage quality, current quality, reliability of service, 
quality of power supply, etc. Standards and guidelines have been given by different technical 
organizations like IEEE, ANSI, IEC, etc. Those guidelines are very helpful in electrical 
power quality study and practice.  
EPQ deals with not only voltage quality but also with current quality. It is the combination of 
voltage and current quality. In practice, there are several types of EPQ disturbances such as 
voltage sag/swell/interruptions, switching transients, flickers, harmonics, notches, etc. that 
caused by faults, nonlinear loads and dynamic operating conditions (IEEE Std 1159, 2009). 
Table 1 illustrates categories and typical characteristics of power system electromagnetic 
phenomena [7-8]. 
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Table 1. Categories and typical characteristics of power  

system electromagnetic phenomena according to IEEE 1159 

 
Typical voltage magnitude 

 
Typical duration 

 
Categories 

 
 
 
 
 
 
 

0-4 pu 
0-8 pu 
0-4 pu 

 
 

50 ns 
50 ns-1 ms 

> 1 ms 
 

0.3-50 ms 
20 ms 
5 ms 

1.0 Transients 
1.1 Impulsive 
1.1.1  Nanosecond 
1.1.2 Microsecond 
1.1.3 Millisecond 
1.2 Oscillatory 
1.2.1 Low  frequency 
1.2.2 Medium frequency 
1.2.3 High frequency 

 
 

0.1–0.9 pu 
1.1–1.8 pu 

 
< 0.1 pu 

0.1–0.9 pu 
1.1–1.4 pu 

 
< 0.1 pu 

0.1–0.9 pu 
1.1–1.2 pu 

 
 

0.5-30 cycles 
0.5-30 cycles 

 
0.5 cycles-3s 
30 cycles-3 s 
30 cycles-3 s 

 
3 s-1 min 
3 s-1 min 
3 s-1 min 

2.0 Short-duration (rms) variations 
2.1 Instantaneous 
2.1.1 Sag 
2.1.2 Swell 
2.2 Momentary 
2.2.1  Interruption 
2.2.2 Sag 
2.2.3 Swell 
2.3 Temporary 
2.3.1   Interruption 
2.3.2 Sag 
2.3.3 Swell 

 
0.0 pu 

0.8–0.9 pu 
1.1–1.2 pu 

 
> 1 min 
> 1 min 
> 1 min 
> 1 min 

3.0 Long duration (rms) variations 
3.1 Interruption, sustained 
3.2 Under voltages 
3.3 Over voltages 
3.4 Current overload 

 
0.5–2% 
1.0–30% 

 
steady state 
steady state 

4.0 Imbalance 
4.1 Voltage 
4.2 Current 

 
0–0.1% 
0–20% 
0–2% 
0–1% 

 
steady state 
steady state 
steady state 
steady state 
steady state 

٥.٠ Waveform distortion 
٥.١ DC offset 
٥.٢ Harmonics 
٥.٣ Interharmonics 
٥.٤ Notching 
٥.٥ Noise 

0.1–7% 
0.2–2 Pst 

intermittent 6.0 Voltage fluctuations 

± 0.10 Hz < 10 s ٧.٠ Power frequency variations 
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With the increase in industrial usage of adjustable speed drives, rectifiers, arc furnaces 

and other non-linear loads which leading to difficulty of achieving the best service conditions 
(pure waves and fixed voltage) at each consumer terminals, the power quality international 
standards such as the IEC 61000 and IEEE 519-92 standards have appeared to give the 
acceptable disturbances levels of each electrical variable . Table 2. and Table 3., from IEEE 
519, define levels of harmonic distortion of current and voltage that an industrial user can 
inject onto the utility distribution system [9]. 

 
Table 2. Current distortion limits (in % of IL) for  
General Distribution Systems (69,000-161,000 V) 

Maximum Harmonic Current Distortion in Percent of IL 
Individual Harmonic Order (Odd Harmonics) 

TDD 35 ≤  h 23≤ h < 35 17 ≤ h < 23 11 ≤  h < 17 h < 11 Isc/IL 
٢.٠ ١ ٠.٧٥ ٠.٣ ٠.١٥ ٢.٥ <20 
٣.٥ ١.٧٥ ١.٢٥ ٠.٥ ٠.٢٥ ٤.٠ 20-50 
٥.٠ ٢.٢٥ ٢.٠ ١.٢٥ ٠.٣٥ ٦ 50-100 

٦ ٢.٧٥ ٢.٥ ١ ٠.٥ ٧.٥ 100-1000 
٧.٥ ٣ ٣.٠ ١.٢٥ ٠.٧ ١٠.٠ >1000 

Where: 
ISC = maximum short-circuit current at PCC. 
IL = maximum demand load current (fundamental frequency component) 

 
Table 3. Voltage distortion limits (in % of V1) 

 
PCC  Voltage 

 

Individual Voltage 
Distortion (%) 

Total Voltage 
Distortion THD (%) 

69 kV and below 3.0 5 

69.001 kV through 161 kV 1.5 2.5 
161.001 kV and above 1.0 1.5 

 
5. DESCRIPTION OF THE STUDIED SYSTEM 

 
The substation of site consists of the followings: 

4 HV incomings 132 kV connected in parallel to a HV double bus bar. There are 4 outgoings 
connected to the 132 kV double bus bar, each one feeds power to a transformer (132/33/6 kV, 
40 MVA).  For each power transformer, the 6 kV secondary feeds the auxiliary loads of the 
factory and the 33 kV secondary feeds 33 kV double bus bar to supply the furnaces. The 33 
kV double bus bar is sectionalized to 4 sections connected to each other by couplers, at the 
time of measuring, the four couplers are opened and each section supplies only it's furnace 
transformer (33 kV/220 V, 25 MVA)  via  500 meter power cables and the low voltage side  
of the transformer feeds furnace electrodes through flexible copper cables. The auxiliary 
loads act only 0.004 % of total industry loads so all system disturbances are existed due to arc 
furnaces operation. Fig. 1 shows the single line diagram of studied system. 
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Figure 1.  Studied system 

 
6. RESULTS OF MEASURMENTS  

 
 To assess the dynamic behavior of ferro alloys silicon arc furnace the three-phase power 

analyzer (HIOKI) is used for analysis of the power quality with a compatible software 
analysis. The following quantities are necessary to be measured: voltage, current powers kW, 
kVAR, kVA, power factor, flicker, THD, waveform snapshots and harmonics, frequency. All 
measurements are carried out at 132 kV bus bar (B1) . Fig. 2 shows photograph of the 
measurements equipments, which are connected at the secondary windings of 132 kV current 
and voltage transformers.  

 
 

Figure 2. Photograph of the measurements equipments 

 
Figure 3.  Variation of drawn currents 

 
The drawn currents by furnace transformer depend upon circumstances of furnace 

operating cycle, electrode movements, heterogeneity   of raw materials and transformer taps. 
During normal operation (electric arc’s stable burning) the required current is high to melt the 
raw materials. But after a certain time the raw marital becomes molten and at tapping process 
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the drawn current would be low, the drawn currents from the electric grid are within 70 to 
115 ampere as seen in Fig. 3. 

 
Figure 4.  Active and reactive power absorbed from the grid 

 
The consumed active power of EAF varies with the variation of furnace’s currents and 

voltages, which depend upon operating cycle, at electric arc’s stable burning the consumed 
active power is high which be within 17 to 14 MW, as seen in Fig. 4. It is preferred for ferro-
silicon production, operating the heat cycle of arc furnace at constant power so the average 
consumed active power is 16 MW but at tapping process, the active power would be less than 
14 MW. 

Referring to Fig.4 the ferro-silicon arc furnaces absorb high reactive power within 16.5 to 
10.5 MVAR, which depends upon operating cycle, the absorbed reactive power during 
tapping process is more than active power and the average reactive power equals 13.7 
MVAR.  

 
Figure 5. Variation of power factor 

 
Fig. 5 shows variation of power factor, the power factor’s value is within 0.58–0.82. The 

higher value of the power factor is being reached during the electric arc’s stable burning and 
the lower value is being reached during tapping process. Referring to the previous figure the 
average power factor of ferro-silicon furnace’s load is 0.76, which considers as a poor power 
factor. That due to the load of   ferro-alloy furnace is inductive and that leads to high bills to 
be paid and the cost of production would be high. Hence, it is mandatory using compensation 
system for power factor correction to avoid the additional cost due to a poor power factor. 
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Figure 6. Variation of total harmonic distortion of voltage 

 
Figure 7. Variation of total harmonic distortion of current  

 
Table 4. Maximum values of individual current and  

voltage distortion (in % of I1 and V1) 

Harmonic order 
3rd 

voltage 
3rd  

current 
5th 

voltage 
5th 

current 
Phase (a) 14.72 1.37 1.42 1.49 
Phase (b) 16.52 3.33 1.58 1.20 
Phase (c) 15.36 2.26 1.24 0.75 

 
Fig. 6 presents the variation of the total harmonic distortions of the voltage. The total 

harmonic distortion is within 13–16% for voltage, these values are more than the IEEE 
permission limits according to table 3. , Fig. 7 presents the variation of the total harmonic 
distortions of the current. The total harmonic distortion, of the current, is within 0.88–3.61%. 
table 4. shows the maximum values of the individual current and voltage distortion in phase 
(a), phase (b) and phase (c). From the results of table 4, it is seen that the most predominant 
harmonics during the ferro-silicon arc furnace operation is the third harmonic order, hence it 
is recommended to install passive filter to eliminate this harmonic. 

Fig. 8 shows that the short term flicker severity index (Pst) is more than 0.8. Also the long 
term perception (Plt) is more than 0.6 [10]. Referring to table.5 , these values are greater than 
standards levels according to IEC 61000-4-15 and IEEE Std 1453[10]. 
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Fig. 8  Flicker variation  

 

Table 5. Planning standard levels for Pst and Plt for MV, HV  
and EHV power systems 

 Planning levels 

 MV HV-EHV 

Pst 0.9 0.8 

Plt 0.7 0.6 

 
7. CONCLUSION 

 
Analysis the results which have been obtained from performed measurements during 

operation of ferro-silicon arc furnaces gives the following important conclusions:  
- The variation of drawn current and consumed power depend upon the operating cycle of arc 
furnace, hence these values are high at normal operation (electric arc’s stable burning) and 
low at tapping process.  
-The average active and reactive power are 16 MW and 13.7 MVAR, respectively. That 
means that the ferro- silicon arc furnaces load is inductive, and that resulting in a lagging 
power factor, where it’s average value equals 0.76.  
-The total harmonic distortion is within 13–16% for voltage, these values are more than the 
IEEE permission limits and the total harmonic distortion is within 0.88–3.61% for current. 
The third harmonic order is the most common happened in the network so it is recommended 
to install power filters to reduce harmonic distortion and correct the power factor to avoid the 
excessive bills.  
- Operation of the ferro-silicon arc furnaces leads to high voltage flicker more than standard 
permission limits. 
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