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Abstract

:

This paper proposes a design methodology for an active power filter (APF) system to suppress the second harmonic subgroup injected by an AC electric arc furnace (EAF) to the utility grid. The APF system is composed of identical parallel units connected to the utility grid via a specially-designed coupling transformer. Each APF converter is a three-phase three-wire two-level voltage source converter (VSC). The number of parallel APF units, coupling transformer MVA rating, and turns ratio are optimized in the view of the ratings of commercially-available high voltage (HV) IGBTs. In this research work, line current waveforms sampled at 25.6-kS/s on the medium voltage (MV) side of a 65-MVA EAF transformer are then used to extract the second harmonic subgroup, 95-, 100-, and 105-Hz current components, by multiple synchronous reference frame (MSRF) analysis, which was previously proposed to decompose EAF current interharmonics and harmonics in real-time. By summing up this digital data of the second harmonic subgroup, the reference current signal for the APF system is produced in real-time. A detailed model of the APF system is then run on EMTDC/PSCAD to follow the produced reference current signal according to hysteresis band control philosophy. The simulation results show that the proposed APF system can successfully suppress the second harmonic subgroup of an AC EAF.
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1. Introduction


Alternating current electric arc furnaces (AC EAF), which are widely used in steel melting and shaping industry, are nonlinear loads with rapidly changing operating characteristics. For this reason, AC EAFs cause serious power quality problems on the utility grid such as voltage flicker, large and highly-fluctuating reactive power, harmonics, and interharmonics [1,2,3,4,5,6,7,8]. Salor et al. and Hsu et al. [1,4] describe the AC EAF as an important voltage flicker source causing severe problems for the power system. Interharmonic and harmonic content of the AC EAF line current has been analyzed in [5,6,7]. In addition to low-order characteristic and uncharacteristic harmonics (second, third, 4th, 5th, etc.), dominant interharmonics have been found out to be around the fundamental frequency up to the second harmonics [6,7]. Some suggestions to suppress those harmonic and interharmonic current components have already been made in the literature [8,9]. White et al. [8] proposes the use of second and third passive harmonic filters (HF) in order to suppress the harmonic content of the AC EAF. Additionally, a C-type second HF has been suggested in [9] in order to eliminate the amplification of interharmonics due to passive harmonic filter resonances. However, since the operation characteristics of the AC EAF is rapidly changing during the steel melting process, a fast-responding resonant-free filter can be much more effective for the suppression of the harmonics and interharmonics of AC EAF. The use of active filters has been suggested and a method extracting each harmonic and interharmonic current reference with 5 Hz resolution has been proposed in [6,7] by using multiple synchronous reference frame (MSRF) technique.



Active power filters (APF) have been a hot research topic for nearly three decades due to their superiorities to passive harmonic filters [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]. There are various APF types, summarized in [10], and they are classified with respect to their circuit topology and application area. While [11,12] utilize series APFs, shunt APF systems are proposed in [13,14,15,16,17,18,19,20] in order to mitigate unwanted voltage and current harmonics, respectively. APF can also be used together with passive filters as hybrid active power filters (HAPF) [24,25,26]. APFs can be used to improve the power quality in various applications such as metal industry [24,25], distribution systems [26], micro grids [27], motor drives [28], and other industrial loads.



In this research work, a design methodology for an APF system to suppress second harmonic subgroup injected by an AC EAF to the utility grid is proposed. The number of parallel APF units, coupling transformer MVA rating and turns ratio are optimized in the view of the high voltage (HV) IGBT power semiconductors available in the market. APF harmonic and interharmonic current references are obtained in real-time using MSRF analysis employing parallel processing on a graphics processing unit (GPU) framework, which provides fast and accurate current reference estimations for the highly time-varying EAF currents.




2. Problem Definition


Static VAr compensation (SVC) systems are widely used in steel industry in order to (i) provide reactive power compensation, (ii) suppress low-order characteristics and uncharacteristic integer harmonics, and (iii) minimize light flicker. An SVC is generally composed of a 6- or 12-pulse thyristor-controlled reactor bank and passive shunt harmonic filter banks. The field measurements have shown that a well-designed conventional SVC can successfully bring the input power factor of an AC EAF installation to unity, minimize light flicker, and suppress low order integer harmonics except the second current harmonic component [1]. If the SVC system is equipped with a second harmonic passive shunt filter with a very sharp operating characteristic, this second HF topology leads to some operational problems and cannot suppress second harmonic subgroup [29] as reported in [9]. This is because interharmonic content of the line currents around the fundamental and the second harmonic components is rich and especially those around the second harmonic interact with the passive second HF resulting in the amplification of the second harmonic subgroup and group components.



In order to clarify the filtering performances of various commercially available passive filter topologies, filter characteristics have been obtained based on the block diagram given in Figure 1 using field data collected from a transmission system substation supplying an EAF plant.



Current data used in this analysis is especially selected from the boring phase of the EAF, which is the most severe operation phase in terms of the time varying interharmonic current content. Typical second and third harmonic passive filter topologies shown in Figure 2 are then used in this analysis. Field performances of six different combinations or versions of the topologies in Figure 2 are calculated and given in Table 1 in comparison with no-filter case for the second harmonic subgroup frequencies according to [29].



Second harmonic subgroups for each case are computed as the geometrical sum of the 95-, 100, and 105 Hz components given in Table 1 according to the subgroup computation method in [29] and then given in Table 2. Second harmonic subgroups in Table 2 on the source side for all cases are expressed not only as percentages of the fundamental component, but also as percentages of the furnace second harmonic subgroup in order to quantify the effectiveness of the filter topologies in Table 1.



Results given in Table 2 show that second harmonic subgroups from cases (a) to (d) are seriously amplified. However, for cases (e) and (f), the second harmonic subgroup is suppressed, but not more than 50%. In fact, the results given in Table 1 and Table 2 are not enough to draw a conclusion on the field performances of filter topologies defined as cases (a) to (f). The effects of resulting filter characteristics on all harmonics and interharmonics with 5 Hz resolution as recommended in [29] should also be considered. These are also obtained and presented in Figure 3.



As observed in Figure 3, although the second harmonic subgroup is suppressed by approximately 50% for cases (e) and (f), interharmonic amplification problem still exists, especially for the frequencies below 90 Hz. It is known that EAF currents are rich in interharmonics between the fundamental and the second harmonic for all operating phases of the EAF [30], hence, the current amplification problem for the interharmonics needs to be solved for passive shunt harmonic filter banks. Therefore in this paper, the use of a shunt active power filter (APF) together with an SVC is recommended to suppress the second harmonic subgroup satisfactorily.




3. Proposed Hybrid Solution Including APF


The single-line diagram of an AC EAF installation containing an APF in addition to an SVC system which does not include a second harmonic HF is shown in Figure 4a. Suppression of the second harmonic subgroup is assumed to be achieved by APF in this hybrid solution. For this purpose, more than one shunt-connected voltage sourced converter (VSC)-based APF unit can be operated in parallel and connected to the medium voltage bus (34.5 kV one-to-one) via a specially-designed coupling transformer as illustrated in Figure 4c. A satisfactory current sharing between APF units is to be obtained by using equalizing inductors, Leq. More than one APF unit is considered to be used in order to eliminate the need for series operation of power semiconductor switches. The three-phase three-wire bridge converter topology for each APF unit is chosen, as illustrated in Figure 4b.




4. Proposed APF Design Methodology


Preliminary design of active power filter, which minimizes second harmonic subgroup injected into the supply by the AC EAF, can be carried out in four steps: (i) Determination of maximum RMS value of the second harmonic subgroup, (ii) Estimation of coupling transformer MVA rating, (iii) Estimation of coupling transformer secondary voltage, and (iv) performance evaluation of the preliminary design by EMTDC/PSCAD and MATLAB. Preliminary design steps (i) to (iii) are described in this section, and step (iv) will be presented in Section IV.



4.1. Determination of the Maximum RMS Value of the Second Harmonic Subgroup


The AC EAF installation is a balanced (IA(t) + IB(t) + IC(t) = 0), but asymmetrical, load on the power system for the vast majority of time as reported in [6]. Sample line current waveforms of an AC EAF installation recorded in the field and the corresponding 95-, 100-, and 105-Hz components obtained by the real-time interharmonic and harmonic detection method recommended in [7] are given in Figure 5a–d, respectively. As observed from Figure 5, AC EAF currents contain significant amounts of second harmonic subgroup components (95-, 100-, 105-Hz) and they are highly time-varying. The maximum RMS value of the second harmonic subgroup is determined during the boring phase of the EAF operation in which the currents are more rapidly fluctuating in comparison with those of the consecutive melting and refining periods. Instantaneous current variations in Figure 6a–c are obtained by MSRF analysis in boring phase for 40 s of measurement period. Their sample-by-sample summation is as given in Figure 6d. Their maximum peak values are also marked on Figure 6a–d. The true RMS value of the resultant reference signal by using the maximum RMS values (obtained by dividing the max peak values by √2) is calculated from Equation (1) and is found to be 166.3 A.


  T r u e   R M S =    I  s , 95  (  m a x  )   2  +  I  s , 100  (  m a x  )   2  +  I  s , 105  (  m a x  )   2     



(1)







The true RMS value of the second harmonic subgroup current components could also be calculated from the time maximum value of the waveform in Figure 6d, which is 240.5 A, by assuming the frequency of it is nearly 100-Hz. However, the maximum true RMS value of the second harmonic subgroup is assumed to be 166.3 A from Equation (1) owing to the following reasons:




	(i)

	
for the vast majority of the operating time, the true RMS value is lower than 166.3 A;




	(ii)

	
the peak values of the subgroup current harmonic components rarely coincide in time;




	(iii)

	
the optimum solution to the preliminary design study is chosen to be the minimization of the second harmonic subgroup currents instead of the elimination of them entirely; and




	(iv)

	
the fundamental current component flowing through the coupling transformer compensates only for APF switching and conduction losses and to magnetize the transformer core. Since it is much lower than the true RMS value of the second harmonic subgroup, it is neglected in the preliminary design procedure.










4.2. Estimation of Coupling Transformer MVA Rating


MVA rating of the coupling transformer can be calculated from Equation (2) [31,32,33]:


   S  T R   =  3   V  l − t o − l    I  l i n e    



(2)




where Vl-to-l is the line-to-line value of the fundamental component of the primary voltage (33.5 kV is the most probable value), and Iline is the true RMS value of the second harmonic subgroup (166.3 A).



This calculation yields, 9.65 MVA as the power rating of the coupling transformer. Unfortunately, this transformer cannot be designed as a 50-Hz distribution transformer. Operating voltage determines the time maximum value of the flux density, Bm, created in the core, however, minor hysteresis loops arising from 95-, 100-, and 105-Hz components will be superimposed on the major hysteresis loop obtained at 50-Hz. Furthermore, these minor loops will move on the major loop depending upon the frequency and phase differences. Therefore, the variations in Bm should be taken into account in hysteresis loss, Ph, and eddy current loss, Pe, calculations. Their expressions are given in Equations (3) and (4), respectively:


   P h  =  K h  f    (   B m   )    1.6    



(3)






   P e  =  K e   f 2   K f 2   B m    2   



(4)




where Kh, Ke, and Kf are constants depending on the core material, and f is the corresponding frequency.



On the other hand, in the design of 50-Hz distribution transformers made up of high-quality electrical sheet steels, Bm is usually taken to be 1.8 T. As can be understood from Equations (3) and (4), the increase in Ph and Pe owing to the second harmonic subgroup current components can only be compensated by keeping the design value of Bm much lower than 1.8 T. Our experience shows that Bm should be chosen in the range from 1 T to 1.2 T in order to compensate for the extra core loss components [34]. Total leakage reactance of 6% is implementable for this size of a transformer. These considerations result in an oversized coupling transformer.




4.3. Estimation of Transformer Secondary Voltage


In the preliminary design stage, an optimum value for the transformers turns ratio, n, should be chosen. n dictates the number of paralleled voltage sourced APF converters in order to minimize the second current harmonic subgroup on the supply side. In choosing the optimum value of n, the objective is to eliminate the need for series power semiconductor operation and to minimize the number of paralleled APF units. The commercially-available HV IGBTs which are suitable for such high power applications are given in Figure 7.



In the design of the three-phase three-wire two-level VSC converter, the over-modulation phenomenon should be avoided by keeping the DC link voltage, Vdc, at a value greater than, or equal to, the peak value of the AC voltage appearing at the coupling transformer secondary terminals. For this purpose, peak values of individual harmonic and interharmonic voltages should be superimposed on peak value of the fundamental component of the transformer secondary voltage. Here, it is assumed that all peak voltages should be added algebraically. Single phase equivalent circuit of the overall system on the MV side is as shown in Figure 8a. In this figure, Ls is the equivalent source inductance, Ltr the transformer leakage inductance, Lapf the current sharing inductors, and m the number of parallel APF units. Figure 8a shows the equivalent circuit for the fundamental component. A very small current at the fundamental frequency flows through the APF system, therefore the fundamental voltage component of each APF unit should be nearly equal to the supply voltage Vs. Figure 8b shows the harmonic and interharmonic equivalent circuits of the APF system, in which the supply side provides a short-circuit return path to the harmonic and interharmonic current components changing at 95-, 100-, and 105-Hz. Therefore, in this equivalent circuit, only these particular harmonic and interharmonic components are considered to be injected by the AC EAF, Ieaf,h. Vapf for 95-, 100-, and 105-Hz components, can then be calculated as the potential drop on Lapf/m and Ltr, owing to the amount of harmonic and interharmonic components to be suppressed by the APF system.



The relationship between the transformer secondary voltage and the minimum required DC link voltage is given by Equation (5) [25,35]:


   V  D C , m i n   =     V ^  S   n  +   ∑   k = 95.100.105   n   I ^   r e f , k      X  t r , k      n 2     



(5)




where     V ^  S    is the peak value of the transformer’s line to neutral primary voltage, n the transformer turns ratio,     I ^   r e f , k     reference current peak for interharmonic and harmonic frequencies, and Xtr,k the transformer impedance calculated at the kth interharmonic and harmonic frequency and referred to as the MV side.



The required minimum DC link voltage is calculated from Equation (5) and plotted as a function of n in Figure 9. The relationship between maximum permissible value of DC link voltage and minimum semiconductor voltage rating for the three-phase three-wire two-level VSC topology in Figure 4b is as given in (6) as recommended by [36]:


   V  D R M   =  V  D C    (  1 +  γ  100    )   



(6)




where γ is a constant whose recommended value is 60 [36], VDRM the maximum repetitive peak blocking voltage, and VDC the DC link voltage.



Maximum permissible DC link voltages, VDC, are then calculated from Equation (6) for typical blocking voltage ratings of HV IGBTs as given in Table 3.



There remains only the determination of number of paralleled APF units. For this purpose, for each blocking voltage rating from 6500 to 1700 V, the HV IGBTs having the highest collector current, IC, rating should be considered for the sake of minimum number of parallel APF units. Required transformer line currents in peak amps on the secondary side are than calculated from the peak current in Figure 6d by multiplying it by the required n. These results are given in Table 4 as a function of HV IGBT ratings.



Among these optimum designs, the use of HV IGBTs having VDRM = 4500 V, IC = 1500 A is the preferred one because it minimizes the number of parallel APF units with the lowest possible semiconductor voltage rating and, hence, the cost.




4.4. Proposed Control Strategy


The basic operating strategy of the proposed APF system is to inject 95-, 100-, and 105-Hz current components in anti-phase with those of the AC EAF to the common connection point. Since the APF converters are of the VSC type, their output voltages at the desired harmonic and interharmonic frequencies are obtained by the pulse width modulation (PWM) technique. Although the APF units are of VSC type converters, their output currents are to be controlled in order to be able to follow the reference current signal that should be injected to the connection point. The reference current signal for each line is formed by summing up the instantaneous values of 95-, 100-, and 105-Hz current components injected by the AC EAF and estimated by the MSRF method described in [7]. As shown in Figure 5a, EAF line currents are highly time-varying such that magnitudes and phases are different at almost every cycle of the fundamental component. The rates of changes for the individual harmonic and interharmonic components are even more severe as shown in Figure 5b–d. Hence, real time detection of the frequency components of the EAF currents is unavoidable if successful APF operation is the main focus. In [7], the MSRF method is applied on a parallel framework employing a GPU to detect all interharmonics and harmonics individually in real-time. Since the sampling rate of the EAF line currents is 25.6 kS/s, there are 512 samples of digital reference current signal in one complete cycle of the fundamental voltage (20 ms). Unfortunately, the chosen high-voltage high-current power semiconductor cannot be switched on and off at such high frequencies. Practical experience has shown that the switching frequency should be kept at a value less than, or equal to, 1.5-kHz on average [37].



The most basic and effective waveform modulation technique for generating a current reference with a voltage source converter is to use hysteresis band modulation philosophy [38,39,40,41,42,43,44]. The hysteresis band modulation technique has been widely used in the literature for APF systems [25,43,44] due to its advantages, like easy implementation, dynamic stability, controllability on current, and perfect tracking of the reference signal [25,44]. However, it has also some drawbacks like high and varying switching frequency, thus high switching losses [25,44]. The use of the hysteresis band modulation technique is suggested for this particular application due to its superiority for current reference tracking with a voltage source converter topology.



Traditional implementation of hysteresis band modulation technique is as given below:



If Ifx > Ifx* + HB then SX = 1,



If Ifx < Ifx* − HB then SX = 0,



Else the previous switching state is sustained



where Ifx is the actual current flowing through phase x, Ifx* is the reference current which should be tracked for phase x, and SX is the switching state of the converter leg corresponding to phase x.



The switching state SX = 1 corresponds to the case where upper semiconductor in converter leg of phase x is turned on while lower one is turned off. Likely, state SX = 0 corresponds to the case where lower semiconductor in converter leg of phase x is turned on while the upper one is turned off. The digital implementation of the hysteresis band modulation technique is as illustrated in Figure 10.



In this research work, a fixed hysteresis band control technique is exercised. The current control system tends to keep the actual current injected by each APF unit between Iref − ΔI and Iref + ΔI, as illustrated in Figure 10, and according to the fixed hysteresis band current control strategy.





5. Performance of Proposed APF System by EMTDC/PSCAD Simulations


The preliminary design of the proposed APF system to suppress second harmonic subgroup injected into the grid via 65 MVA EAF transformer has been tested by EMTDC/PSCAD simulations including a detailed model of the APF and AC EAF. Line current waveforms of the EAF system at the measurement point (MP) in Figure 4a are sampled in the field at a sampling rate of 25.6 kS/s, and then used in the preliminary design work and PSCAD simulations. 95-, 100-, and 105-Hz harmonic and interharmonic components are extracted in real-time from the line current waveforms by using the MSRF analysis recommended in [7]. Digitized instantaneous values of these interharmonic and harmonic components (95-, 100-, and 105-Hz) are then summed up and inversed (multiplied by −1) in real-time in order to produce the reference current signal for the APF system. A sample reference current signal waveform for a period of 80 ms is given in Figure 11. The APF model is then controlled according to fixed hysteresis band control in order to follow the reference current signal. The corresponding current waveform generated by the APF system is also shown in Figure 11.



In order to illustrate the performance of the APF system in suppressing second harmonic subgroup injected by the EAF, 10-cycle FFT expansion of line phase-A currents on the EAF side, Ieafn, and supply side, Isn, are simultaneously given in Figure 12. As can be understood from Figure 12:




	(a)

	
100-Hz component is eliminated;




	(b)

	
95- and 105-Hz components are significantly suppressed;




	(c)

	
The non-idealities in the performance are attributed to the facts that extraction of interharmonic and harmonic components using MSRF analysis in real-time may lead to small magnitude and phase errors, hence, the APF system cannot suppress the second harmonic subgroup perfectly.




	(d)

	
The proposed APF system does not affect interharmonic and harmonic current components other than the second harmonic subgroup; and




	(e)

	
Second harmonic subgroup reduction is computed for the harmonic spectrum given in Figure 12 and it is found to be 36.9% without affecting the neighboring interharmonic components by using the proposed APF topology. This is much better than the best cases for passive shunt harmonic filters given in Table 2, which are case-e and -f. Although 56.4 and 48.0% of the second harmonic subgroup of the EAF current are reflected to the supply-side for case-e and –f in Table 2, these topologies still amplify other interharmonic components, as shown in Figure 3.









In order to make a comparison between the second harmonic subgroup current components of EAF and APF, the associated waveforms are expanded into DFT for a 10-cycle window. They are given in Figure 13a,b, respectively. Although these components are very close to each other in magnitude, this does not mean that the APF system can entirely suppress the above EAF current components owing to the possible phase errors arising from MSRF analysis. The mismatch between the side-bands of the second harmonic subgroups of the EAF current and the APF current in Figure 13a,b, respectively, is due to the fact that MSRF analysis runs sample by sample; however, DFT expansion is the average of the 200 ms window for both current waveforms. Hence, there is the rounding effect of the DFT window.



The average switching frequency of the power semiconductors are found to be less than 2-kHz. In order to investigate the effects of switching frequency on the harmonic spectrum of supply side line current waveforms, these waveforms are expanded in DFT with 5-Hz resolution. As can be understood from a sample expansion given in Figure 14, the switching frequency of power semiconductors operating in hysteresis band control has a negligible effect on the harmonic spectrum of the supply side line current waveforms.



Finally, a hybrid filtering topology for the suppression of second and third harmonic subgroups is exercised as shown in Figure 15. The recommended solution involves an APF which is designed to suppress the second harmonic subgroup and a damped third harmonic passive filter for the suppression of third harmonic subgroup. The damped third harmonic passive filter suppresses considerably the third harmonic subgroup, without having an effect on the remaining second harmonic subgroup after filtered out by APF. As can be understood from Figure 15b, the use of APF only has no filtering effect on the third harmonic subgroup. Furthermore, the use of third HF only has no effect on the second harmonic subgroup. Therefore, their combined utilization as illustrated in Figure 15 gives the best suppression of second and third harmonic subgroups at the expense of amplification of 130, 135, and 140 Hz interharmonic components. However, these interharmonic frequencies are less severe from the viewpoint of the light flicker problem [9].




6. Conclusions


The work in this paper and the field experience of the authors have shown that it is not possible to satisfactorily suppress the second harmonic subgroup of EAF currents using passive HF topologies. Hence, an APF has been recommended to solve this problem and design considerations for an optimized APF are presented, in this paper. Instead of suppressing only the second harmonic subgroup, a much larger APF can be recommended to suppress all interharmonics in the range from 55 to 125 Hz. However, this would be an extremely expensive solution. On the other hand, hybrid combination of a smaller size APF to suppress the second harmonic subgroup and a damped third harmonic passive filter have been shown to suppress the second and third harmonic subgroups successfully without amplifying the interharmonics around the fundamental frequency.



For an APF to exhibit a superior filtering performance, time-varying interharmonics and harmonics to be suppressed should be detected in a considerably short time interval, i.e., almost real-time. This can be achieved by employing the detection algorithm based on MSRF analysis and Kalman filtering running on a GPU framework in real time. It has been shown in this paper that the usage of fixed-band hysteresis band control as the control strategy provides satisfactory performance to suppress the second harmonic subgroup.
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Figure 1. Block diagram illustrating all harmonics and interharmonics of an EAF power system. (Ieafn, Isn, and Ifn denote the harmonics and interharmonics injected by the EAF, all harmonic and interharmonic components in the supply lines, and harmonic and interharmonic components sunk by the passive shunt harmonic filter bank/s, respectively). 
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Figure 2. Typical second and third harmonic passive filter topologies (a) single-tuned damped second HF; (b) C-type third HF; and (c) single-tuned undamped third HF. 
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Figure 3. Filtering performances of different passive shunt harmonic filter topologies against harmonics and interharmonics with 5 Hz resolution injected by the EAF. Case-(a): single-tuned third HF with fo = 148.9 Hz, no second HF; Case-(b): single-tuned second HF with fo = 99.8 Hz and single-tuned third HF with fo = 148.9 Hz; Case-(c): heavily-damped C-type second HF with RD = 40 Ω and fo = 99.8 Hz and single-tuned third HF with fo = 148.9 Hz; Case-(d): lightly-damped C-type second HF with RD = 250 Ω and fo = 99.8 Hz and single-tuned third HF with fo = 148.9 Hz; Case-(e): lightly-damped C-type second HF with RD = 250 Ω and fo = 94.8 Hz and single-tuned third HF with fo = 148.9 Hz; and Case-(f): lightly-damped C-type second HF with RD = 250 Ω and fo = 94.8 Hz, no third HF (ESR/L is assumed to be 10 for all HF reactors; ESR is the equivalent series resistance of all HF reactors). 
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Figure 4. Proposed EAF system (a) block diagram including an APF and an SVC; (b) m APF units operating in parallel and connected to the grid via a coupling transformer; and (c) the three-phase three-wire two-level VSC converter for each APF unit. 
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Figure 5. EAF line currents on MV side (a) a sample line current waveforms collected in the field at a sampling rate of 25.6 kS/s and (b) 95-Hz components (c) 100-Hz components, and (d) 105-Hz components obtained from field data by MSRF analysis in real-time. 
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Figure 6. A sample set of EAF current waveforms obtained by MSRF analysis in real-time (a) 95-Hz, (b) 100-Hz, (c) 105-Hz components, and (d) the reference current signal produced from (a–c). 
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Figure 7. Commercially-available HV IGBT ratings. 
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Figure 8. Single-phase equivalent circuit of the proposed system at (a) the fundamental frequency (50 Hz) and (b) any harmonic or interharmonic frequency. 
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Figure 9. Minimum DC link voltages required for various transformer turns ratios. 






Figure 9. Minimum DC link voltages required for various transformer turns ratios.



[image: Electronics 07 00053 g009]







[image: Electronics 07 00053 g010 550] 





Figure 10. Illustration of digital implementation of hysteresis band current control philosophy (— current generated by HAPF unit; Te = execution time typical values 20–30 µs; Ts = sampling time typical value is nearly 40 µs). 
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Figure 11. A sample reference current signal including 95-, 100-, and 105-Hz (deduced from field data) and corresponding current waveform injected by the APF system (simulation results). 
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Figure 12. Harmonic spectrum of the load (field data) and source current in phase-A (simulation results), referring to the MV side. 
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Figure 13. Ten-cycle DFT expansion of (a) EAF current (deduced from field data) and (b) APF current (deduced from simulation results) on the MV side. 
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Figure 14. Harmonic spectrum of the APF line current showing the effect of hysteresis switching (simulation results). 
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Figure 15. Proposed hybrid filter topology for the suppression of second and third harmonic subgroups, (a) block diagram including APF and third HF and (b) filtering performance of the proposed topology in comparison with APF only and third HF only solutions (EAF current collected in the field and single phase currents are expanded in DFT with 5 Hz resolution). 
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Table 1. EAF and supply-side current components of second harmonic subgroup for the block diagram in Figure 1 for various filter topologies.
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	Frequency

Hz
	Case-0

Ieafn (%)
	Case-(a)

Isn (%)
	Case-(b)

Isn (%)
	Case-(c)

Isn (%)
	Case-(d)

Isn (%)
	Case-(e)

Isn (%)
	Case-(f)

Isn (%)





	95
	1.16
	1.50
	3.34
	1.99
	2.90
	0.34
	0.33



	100
	1.32
	1.81
	0.19
	1.29
	0.41
	0.75
	0.66



	105
	1.00
	1.48
	0.55
	0.87
	0.57
	0.79
	0.63







Case-0: No filters; Case-(a): single-tuned third HF with fo = 148.9 Hz, no second HF; Case-(b): single-tuned second HF with fo = 99.8 Hz and Single-tuned third HF with fo = 148.9 Hz; Case-(c): heavily-damped C-type second HF with RD = 40 Ω and fo = 99.8 Hz and single-tuned third HF with fo = 148.9 Hz; Case-(d): lightly-damped C-type second HF with RD = 250 Ω and fo = 99.8 Hz and single-tuned third HF with fo = 148.9 Hz; Case-(e): lightly-damped C-type second HF with RD = 250 Ω and fo = 94.8 Hz and single-tuned third HF with fo = 148.9 Hz; Case-(f): lightly-damped C-type second HF with RD = 250 Ω and fo = 94.8 Hz, no third HF; Note: ESR/L = 10 for all HF reactors.
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Table 2. Second harmonic subgroup content of the supply line current waveform for different passive shunt harmonic filter bank/s as defined in Table 1 (Case-0 is the no filter case, therefore, Isn = Ieafn).
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	Source

Second Harmonic Subgroup
	Case-0

(%)
	Case-a

(%)
	Case-b

(%)
	Case-c

(%)
	Case-d

(%)
	Case-e

(%)
	Case-f

(%)





	As a percentage of

Fundamental Component
	2.02
	2.78
	3.39
	2.53
	2.98
	1.14
	0.97



	As a percentage of Furnace Second Harmonic Subgroup
	100
	137.6
	167.8
	125.2
	147.5
	56.4
	48.0
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Table 3. Maximum permissible DC link voltage against blocking voltage capability of commercially available HV IGBTs.
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	IGBT Blocking

Voltage (VDRM)
	MAX DC Link

Voltage (VDC)





	6500 V
	4000 V



	4500 V
	2800 V



	3300 V
	2000 V



	2500 V
	1500 V



	1700 V
	1000 V
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Table 4. Optimized design parameters for the coupling transformer and shunt APF units.
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HV IGBT

	
Optimum DC Link Voltage VDC

	
Turns Ratio N

	
Required Transformer Line Current on the Secondary (A)

	
Minimum Number of APF Units M




	
VDRM (V)

	
IC (A)






	
6500

	
1000

	
4000

	
13.3

	
4522

	
5




	
4500

	
1500

	
2800

	
19.0

	
6460

	
5




	
3300

	
1700

	
2000

	
26.6

	
9044

	
6




	
2500

	
1700

	
1500

	
35.5

	
12,070

	
8




	
1700

	
3600

	
1000

	
53.2

	
18,088

	
6












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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