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A Practical Solution for the Current and Voltage
Fluctuation in Power Systems

A. Elnady and Yan-Fei Liu, Senior Member, IEEE

Abstract—This paper presents an innovative formulation and
implementation for the steepest descent method to minimize the
current and voltage fluctuation in power systems. The steepest de-
cent is selected because of its mathematical simplicity. Its main dis-
advantage is circumvented by proposing a technique that selects
proper initial values in order to guarantee its convergence. This
technique depends on the Yule–Walker equation. The suggested
technique for disturbance extraction is utilized to operate a power
conditioner in order to mitigate the current fluctuation, and its per-
formance is compared with the output of the vector control that is
commonly used for the mitigation of the current and voltage fluc-
tuation. The presented ideas are conveyed and approved through
simulation results using Malab/Simulink. Moreover, some exper-
imental results are provided to affirm the practicality of the pre-
sented concepts.

Index Terms—Steepest decent method, vector control and fluc-
tuation compensation.

I. INTRODUCTION

F LUCTUATION in voltage and current is a common
problem in the industrial distribution systems because of

the proliferation of the nonlinear loads, such as arc furnaces,
arc welders, spot welders, resistance welders, and repetitive
operation of machinery. The nonlinear load draws a variable
current from the source, which causes a variable voltage drop
and voltage fluctuation at the point of common coupling (PCC).
The arc furnace is the most common and dangerous source
for the current fluctuation and voltage flicker in the industrial
distribution systems [1].

The operation of the ac arc furnace consists of two major pro-
cesses: 1) the melting process and 2) the refining process. The
current fluctuation of the arc furnace is influenced by some fac-
tors, such as the melting or refining materials; the melting stage;
the electrode position; the stiffness of the system; the short-cir-
cuit capacity; the furnace ratings; the supply system voltage; and
its impedance, including its X/R ratio [2], [3]. The real spec-
trum of the generated voltage harmonics from the ac arc furnace
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reveals characteristic and noncharacteristic harmonics in addi-
tion to voltage unbalance [2], [4]–[6]. Also, some other studies
prove that the real harmonic spectrum of the arc furnaces con-
tains some subharmonics and interharmonics as well [7], [8].

The common mitigation devices for the fluctuation are the
distribution static compensator (DSTATCOM) in the distribu-
tion systems [9] and STATCOM in the transmission systems
[10], [11]. These mitigation devices are commonly operated by
the – vector control, which includes two loops. The first loop
controls the direct current or voltage to stabilize the dc side of
the mitigation device while the second loop adjusts the quadra-
ture output current to compensate for the reactive current taken
by the nonlinear loads [12], [13]. The – vector control has
some shortcomings especially when this control strategy is used
to compensate for the current fluctuation and voltage flicker of
the arc furnaces. Thus, the – vector control does not provide
excellent results, but it usually gives satisfactory results in the
arc furnace environment [14].

The research in this paper is motivated by the pitfalls of
the vector control in order to achieve better compensation for
the current and voltage fluctuation. Therefore, the contribution
of this paper is the innovative development of the steepest
decent method to track the frequency, magnitude, and phase for
the dominant components of the current disturbance resulting
from the arc furnace; regardless of how these components are
closely spaced in the frequency domain. Furthermore, the major
drawback of the steepest decent, which is the selection of the
initial values [15], is overcome by adopting another spectral
estimation technique. This spectral technique depends on the
Yule–Walker equation [16] to properly select the initial values
that guarantee the convergence and accuracy of the steepest
decent. The proposed techniques for disturbance tracking have
the merit of the mathematical simplicity compared to the other
techniques used for the same applications, such as the Kalman
filter [17], [18] and ESPRIT [19], which are used to simultane-
ously estimate and track the frequency, magnitude, and phase
of different sinusoids. This mathematical simplicity helps the
proposed technique to perform instantaneous extraction and
fast online tracking for the current disturbances.

This paper consists of seven sections. Section II shows the
mathematical formulation of the proposed technique for the ex-
traction of the current disturbance. Testing the proposed tech-
nique is documented in Section III. Section IV depicts the simu-
lation results for flicker compensation compared with the results
of the vector control for the same flicker disturbance. Section V
exhibits the experimental results for the proposed concepts. Fi-
nally, the last two sections summarize the findings of this paper
and the appendices.

0885-8977/$31.00 © 2012 IEEE
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II. FORMULATION OF THE STEEPEST DECENT METHOD FOR

DISTURBANCE EXTRACTION

The steepest decent is a very simple technique to find the
minimum mean square error [15]. The distorted current can be
expressed as

(1)

where is the magnitude, is the angular frequency, is the
phase, is a particular sampling instant, is a number of the
components of interest for estimation, and is the noise. The
noise is neglected in this analysis because its value is small com-
pared to . The expected error is calculated as

(2)

where denotes an estimated value, and the estimated signal is
expressed as

(3)

The state variables that will be estimated are given as

(4)
To estimate vector , the mean square error should be mini-
mized, and its expression is written as

(5)

where is the number of samples in the data set. The iterative
formula for the steepest decent is given in [15] as

(6)

where is the state vector as indicated in (4), is a scalar value
to control the step size, and indicates the gradient of on the
mean square error surface with respect to the vector . The last
term of (6) can be simplified using the Widrow–Hoff delta rule
[20]; consequently, the iterative formula of (6) is rewritten as

(7)

where

... (8)

The iterative formula is efficiently utilized to track the sinu-
soids’ parameters, but still the major pitfall of the steepest de-
cent method exists, which is the selection of the initial values
for the vector . To guarantee the convergence of the steepest
decent, the initial values should be localized close to the trough
of the global minimum. Therefore, the initial values are esti-
mated by utilizing the overdetermined Yule–Walker equation
[16], [21]. It is intentionally selected because its covariance ma-
trix is not affected by the presence of the white noise in addition
to its mathematical simplicity.

For the autoregressive (AR) model of a finite set of data, the
correlation coefficient is defined as [16]

(9)

where represents twice the number of components in signal .
The difference equation of the AR model can be rewritten using
the Yule–Walker equation as

(10)

Formula (10) can be split into equations in coefficients,
where . The matrix form of these equations can
be expressed as

...
...

...
(11)

or

(12)

By solving (12), the -vector can be obtained. Consequently,
the corresponding, (maximum entropy), estimation of the input
spectrum can be calculated from the zeros (roots) of the fol-
lowing characteristic polynomial:

(13)

where .
The estimated frequency can be obtained from the corre-

sponding roots of the previous formula as

real(zeros of (13)))
(14)

The inverse of the matrix may impose a problem if the
matrix is ill-conditioned. This case may arise when all of the
initial magnitudes and frequencies are equal or are very close
to each other. This problem is the only limitation for this tech-
nique, and it can be circumvented by a proper selection for ini-
tial magnitudes and frequencies in order to avoid the singularity
in the matrix . This utilized technique for estimating the
initial values can be applied only once at the beginning of op-
eration for the proposed technique because any variation in the
frequency can be automatically detected during the iterative op-
eration of the steepest decent method.
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III. EVALUATION FOR THE PROPOSED TECHNIQUES

In this section, the proposed formulation of the steepest
decent and the Yule–Walker equation for estimating the initial
values are tested to prove that they perform well for accurate
tracking of the current disturbances. As mentioned before, the
extended Kalman filter has been used for the same application
[18]. This extended Kalman filter encompasses heavy math-
ematics and matrices operations, which hinder its practical
implementation. Another technique, called ESPIRIT [19], has
been utilized for the same application. Its operation depends
on the application of a subspace estimation technique on a
sliding window of many cycles, but it still suffers from the
mathematical complexity and bad transient performance, which
precludes its online disturbance extraction. The proposed tech-
nique cannot be compared with the Kalman filter and ESPIRIT
because the proposed technique is much simpler than these
techniques [17]–[19]. The possible candidate for a fair com-
parison is the adaptive notch filter that has been utilized for
frequency detection [22] and for signal estimation [23]. The
formulation of the adaptive notch filter to track the signal com-
ponents, based on [24], is developed and listed in Appendix A.
The test signal for performance evaluation is expressed in (15),
where it is an example of the primary current for the arc furnace
since it has some interharmonics and subharmonics [25]

(15)

The developed formulation for the steepest decent is first ex-
amined without using any technique for estimating the initial
values, which are randomly selected. The presented formula-
tion of Section II, (the formula in (7)) is applied on the current
of (15). The estimated frequencies are obtained as

(16)

The previous estimated vector indicates that there is no accu-
rate estimation for the 3rd, 7th, 8th, and 9th components of (15).
The full tracking for magnitudes and phases associated with the

Fig. 1. Performance of the proposed technique without using the Yule–Walker
equation for estimating the initial values. (a) Tracking of the 22-Hz component.
(b) Tracking of the 37-Hz component. (c) Tracking of the 50-Hz component.
(d) Tracking of the 202-Hz component. (e) Tracking for the total current of (15)
by the proposed technique.

estimated frequencies is shown in Fig. 1, where just four compo-
nents are shown in addition to the tracking for the total current
of (15). The performance of Fig. 1 reveals the importance of uti-
lizing the Yule–Walker equation for estimating the initial values.
If there is no good estimate for the initial values, this may lead
to inaccurate frequency estimation and inefficient tracking for
that current disturbance. This inaccurate tracking performance
is clearly depicted in Fig. 1(e).

In the following part, the proposed technique is accompanied
by the utilization of the Yule–Walker equation for the estimation
of the initial values. The results of the proposed techniques are
compared with the adaptive notch filter as shown in Fig. 2 in
which just four components are shown in addition to the tracking
for the total current of (15).

The performance of the proposed techniques for tracking the
current of (15) is depicted in Fig. 2, where each graph shows
the performance of the proposed technique and the adaptive
notch filter with respect to the exact signal. These waveforms
confirm that the proposed technique is more accurate and faster
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Fig. 2. Comparison between the proposed technique associated with the
Yule–Walker equation and adaptive notch filter for the tracking current fluctua-
tion of (15). (a) Tracking of the 22-Hz component. (b) Tracking of the 37-Hz
component. (c) Tracking of the 50-Hz component. (d) Tracking of the 202-Hz
component. (e) Tracking for a total current of (15) by the proposed techniques.

than the adaptive notch filter for signal tracking. Furthermore,
the proposed technique has better dynamic performance since it
reaches its steady state within almost two cycles. This point is
clearly shown in Fig. 2(e).

IV. SIMULATION RESULTS

This section displays the simulation results for the mitigation
of the current and voltage fluctuation using the proposed tech-
niques. These results are compared with the results of the –
vector control for the DSTATCOM. This section includes two
subsections: the first subsection illustrates the simulation results
of the proposed techniques for the compensation of the current
and voltage fluctuation. The second subsection depicts the sim-
ulation results for the current vector control of the DSTATCOM
for the same disturbance. The system under study, shown in
Fig. 3, is part of a real distribution system in the U.S. [4].

Fig. 3. System under study.

Fig. 4. Current fluctuation due to the operation of the arc furnace.

A. Mitigation Results by the Proposed Technique

The system under study is simulated using Matlab/Simulink,
and the proposed mitigation strategy is integrated in this system
of Fig. 3. The details of the arc furnace model and simula-
tion parameters are given in Appendices B and C, respectively.
This mitigation strategy consists of the proposed technique for
disturbance extraction, which yields a reference current that is
processed by the hysteresis current controller to operate a mit-
igation device, (power conditioner). This power conditioner in-
jects a current that stabilizes the current and voltage at the up-
stream system. The mitigation device of Fig. 3 is a single-phase
voltage-source converter, and each single-phase circuit has a
dedicated single-phase mitigation device. The arc furnace is
modeled and embedded in the system under study. The adopted
model for the arc furnace is the current-controlled nonlinear
time-domain model mentioned in [26]. The outcome of this ac-
curate arc furnace model gives that is illustrated in Fig. 4.

The current waveform of Fig. 4 is applied to the proposed
formulation of Section II. The proposed techniques give the es-
timated frequencies and different current components. Fig. 5(a)
shows the estimated frequencies of the ten dominant compo-
nents. The error percentage between the total estimated compo-
nents and the exact current waveform in Fig. 4 is illustrated in
Fig. 5(b). It is obvious that this error percentage never exceeds
5%, which is good for the frequency, magnitude, and phase es-
timation for about ten different components. Also, Fig. 5(c)-(f)
illustrates just the four dominant components at frequencies 36,
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Fig. 5. Performance of tracking for the current of Fig. 4. (a) Estimation of the
dominant ten frequencies for the current in Fig. 4. (b) Error percent between
the total extracted disturbance and the current of Fig. 4. (c) Tracking of the
1st dominant harmonic current with 36 Hz. (d) Tracking of the 2nd dominant
harmonic current with 63 Hz. (e) Tracking of the 3rd dominant harmonic current
with 250 Hz. (f) Tracking of the 4th dominant harmonic current with 350 Hz.

63, 250, and 350 Hz. These curves [Fig. 5(c)–(f)] indicate that
the magnitudes of the disturbance for the arc furnace are variable
and that is why the current of Fig. 4 looks random in variation.

Another merit for the presented extraction technique is its
ability to track the active and reactive components of the fun-
damental current, which can be obtained through the magni-
tude and angle of this component. Thus, the fundamental re-
active component, taken by the furnace, can be easily extracted
and included in the reference and compensated currents. Fig. 6
shows the total extracted disturbance and the fundamental re-
active component. The extracted disturbance of Fig. 6(a) is the
instantaneous sum for the dominant disturbance components of
the current in Fig. 4 while Fig. 6(b) shows the reactive compo-
nent of the fundamental current.

The mitigation for the current disturbance and the reactive
fundamental component is demonstrated in Fig. 7, where this
waveform represents the fundamental active current, which has
a slight fluctuation because of the variable arc resistance of the
arc furnace model. The justification for the current improvement
is conveyed through the total harmonic distortion (THD) for ,
which is 5.1% in Fig. 7. The reflection of this mitigation is man-
ifested in the variation for the voltage at the PCC for the system
shown in Fig. 3, in which there is a permanent voltage drop be-
cause of the current taken by the arc furnace. The voltage wave-
forms at PCC before and after the mitigation are illustrated in
Figs. 8 and 9, respectively.

Fig. 6. Extracted disturbance signal and reactive fundamental. (a) Disturbance
current. (all harmonics). (b) Fundamental reactive component taken by the arc
furnace.

Fig. 7. Mitigation for the current shown in Fig. 4 by the proposed technique.

Fig. 8. Voltage profile because of the arc furnace operation.

Fig. 9. Voltage profile after compensation by the proposed technique.

The flicker can be quantified by a simple flicker factor that
calculates the percent change in voltage as expressed
in IEEE Standard 141. Thus, this flicker factor is reduced from
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Fig. 10. Vector control block diagram for single-phase D-STATCOM.

7.6% to 1.28%, which indicates that the flicker level is trans-
ferred from the objectionable region to the noticeable region
based on IEEE Standard 141.

B. Mitigation Results by the – Vector Control Technique

The – vector control is commonly used to operate the
DSTATCOM and STATCOM in order to mitigate the voltage
and current fluctuation. The operation and the structure of its
control block diagram are well documented in [27]–[29]. This
control technique gives convenient results, but it does not give
excellent results in the arc furnace environment because the op-
eration of the DSTATCOM is associated with some drawbacks
in this environment [14]. To justify the good performance of the
suggested mitigation strategy in the arc furnace environment,
the performance of the – vector control is given for the same
current and voltage fluctuation generated from the arc furnace
of Fig. 3. The utilized block diagram of the – vector control
is given in Fig. 10, in which two control loops are depicted; the
first loop is designated to compensate for the reactive power
consumed by the arc furnace, while the second the loop is used
to stabilize the dc voltage value. The performance of this block
diagram is shown in Fig. 11, where the Q-DSTATCOM tracks
the Q-arc as in Fig. 11(b), and the of the DSTATCOM is
nearly constant with a variation of 0.5% around its steady-state
value as depicted in Fig. 11(a). This performance has an impact
on the mitigation of the current fluctuation as shown in Fig. 12,
which still indicates some sort of current fluctuation. This
fluctuation comes from some harmonics and the fundamental
active component taken by the arc furnace. Consequently, the
current mitigation impacts the voltage flicker at the PCC. Its
voltage waveform is portrayed in Fig. 13.

The comparison between Figs. 7 and 12 affirms the supe-
rior performance of the proposed techniques to the – current
vector technique for the mitigation of the current fluctuation be-
cause the current of Fig. 7 indicates the fundamental component
without influential harmonic distortion, but the current in Fig. 12
shows harmonic disturbances superimposed on the fluctuating
fundamental component. The distortion of Fig. 12 results from
the complexity of the control scheme [27], the delay associated
with the PI controllers utilized in the vector control (depicted in
Fig. 11(b) and in [12]), and the inability of the vector control
to mitigate all of the interharmonics in the current fluctuation.

Fig. 11. Performance for the two loops of Fig. 11. (a) DC voltage control.
(b) Reactive power for arc furnace and DSTATCOM.

Fig. 12. Mitigated current by the �–� current vector control.

Fig. 13. Voltage profile after compensation by the �–� current vector control.

Therefore, the waveform of Fig. 12 is not a constant pure sinu-
soid, and it is clear from Fig. 12 that some harmonic distortion
and fluctuation still exist. The mathematical justification for this
meritorious performance is conveyed in the current THD after
mitigation, which is 5.1% in Fig. 7 and 12.6% in Fig. 12. Also,
the flicker factor, based on IEEE Standard 141, is 1.28% in Fig. 9
and 3.9% in Fig. 13.

V. PRACTICAL IMPLEMENTATION

This section exhibits the practical implementation for the
disturbance extraction technique of Section II, and its imple-
mentation to mitigate the current fluctuation as demonstrated
in Section III. This section is split into four parts—the first part
demonstrates how the proposed compensation strategy can be
practically implemented in power systems. The second part
illustrates the mitigation of the cyclic current fluctuation. The
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Fig. 14. Structure of the practical implementation for the current and voltage
improvement in power systems.

third part shows the compensation of the irregular current fluc-
tuation. The last part manifests the impact of current compen-
sation on the voltage profile.

A. Structure of the Compensation Process in Power Systems

This part manifests how the proposed strategy is practically
realized in power systems. The structure of the hardware
setup is shown in Fig. 14, where it is not similar to the typical
structure for the voltage-control scheme of the STATCOM or
D-STATCOM [12]–[14], because the philosophy behind its
operation for voltage control is different since the proposed
strategy depends on the signal-processing techniques for gen-
erating the reference signals required to operate the mitigation
device. The compensation process starts with sensing the
distorted current, and the current conditioner adapts this dis-
torted current to be ready for processing by a controller. This
controller includes the digital signal processor and some other
circuits responsible for generating the current reference and the
hysteresis current controller. The preprocessing frequency es-
timation is done in the offline mode [(12)–(14)] to estimate the
initial frequencies. Instantaneous signal detection (tracking for
the frequency change, magnitude, and phase obtained from (7))
is recursively performed in the employed signal processor to
generate the reference signal required for the current regulator
of the mitigation device as demonstrated in Fig. 14.

The prototype setup includes a programmable ac voltage
source, Chroma 61500, which is responsible for initiating the
current fluctuation. The mitigation device is the IRF830 power
metal–oxide semiconductor field-effect transistor (MOSFET)-
based single-phase voltage-source converter operated by
the hysteresis current controller. The disturbance extraction
technique is programmed in eZdsp-LF2407A to generate the
disturbance signal. The prototype circuit is given in Fig. 15.
The important parameters for the experimental setup are listed
in Appendix C.

B. Mitigation of the Cyclic Current Fluctuation

The cyclic current fluctuation is shown in Fig. 16, where the
fundamental component is modulated by another sinusoidal

Fig. 15. Experimental setup for fluctuation compensation.

Fig. 16. Cyclic current fluctuation with a scale of 1 A/div and an extracted
disturbance with a scale of 0.5 A/div.

signal. This current fluctuation is applied to the proposed dis-
turbance extraction technique, which is programmed on the em-
ployed digital signal processor, to track the current disturbance.
This extracted disturbance is also demonstrated in Fig. 16. To
justify the accuracy of the proposed technique for the distur-
bance extraction, the extracted disturbance and the exact dis-
turbance, extracted by another analog filter, are illustrated in
Fig. 17. In this figure, the extracted disturbance greatly matches
the exact one. Finally, the compensation of the current fluctua-
tion is given in Fig. 18, where the envelope of the peaks for the
mitigated current waveform is almost constant compared to the
similar envelope of the uncompensated current of Fig. 16.

C. Mitigation of the Nonuniform Current Fluctuation

The current fluctuation in this part is not cyclic because the
fundamental component is modulated by some signals with
different frequencies. This current fluctuation is displayed in
Fig. 19, where the fluctuation looks more complicated than
the previous case. The extracted disturbance by the proposed
technique is also depicted in the same figure. The accuracy of
the proposed technique can be proved through Fig. 20, since the
extracted disturbance is almost similar to the exact disturbance.
This extracted disturbance is employed to operate the hysteresis
controller, and the power conditioner injects a certain current
so that the total distortion can be minimized. Eventually, the
compensation of the current fluctuation is illustrated in Fig. 21,
which shows a drastic improvement for the envelope of the
current fluctuation compared to the envelope of the current
fluctuation in Fig. 19. Also, the improvement in the current
quality is affirmed by calculating its THD, where its value is
6.2% in Fig. 21.
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Fig. 17. Extracted disturbance signal with exact disturbance for the fluctuation
of Fig. 15. The upper waveform indicates the extracted disturbance with a scale
of 0.5 A/div, and the lower waveform represents the exact disturbance with a
scale of 0.5 A/div.

Fig. 18. Compensation for the current fluctuation of Fig. 16 with a scale of
1 A/div.

Fig. 19. Nonuniform current fluctuation with a scale of 1 A/div and extracted
disturbance with a scale of 1 A/div.

D. Improvement of the Voltage Profile

Voltage flicker at the PCC results from the interaction be-
tween the fluctuating current and system impedance. Once the
current fluctuation has been reduced, the voltage flicker is min-
imized correspondingly. The rated rms voltage value for the
same prototype of Fig. 15 is 70 V.

The voltage flicker due to current fluctuation is depicted in
Fig. 22, where the short-term severity factor (obtained from
the approximate form mentioned in [30]) is 2.27. The voltage
waveform after the compensation for the current fluctuation is

Fig. 20. Extracted disturbance signal with the exact disturbance. The upper
waveform indicates the extracted disturbance with a scale of 1 A/div, the lower
waveform represents the exact disturbance with a scale of 1 A/div.

Fig. 21. Compensation for the current fluctuation of Fig. 18 with a scale of
1 A/div.

Fig. 22. Voltage flicker due to the current of Fig. 16 with a scale of 50 V/div.

illustrated in Fig. 23. The improvement of the voltage wave-
forms in Fig. 23 is confirmed through the value of its , which
is reduced to 0.91.

Finally, these experimental results are given to prove that the
proposed compensation strategy achieves convenient results for
the mitigation of the current fluctuation and voltage flicker. This
meritorious performance is justified through:

1) the simple structure of the implemented compensation
process as depicted in Fig. 14 compared to the structure of
the vector control for the STATCOM [10], [12], [13];
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Fig. 23. Compensated voltage waveform for the flicker of Fig. 22 with a scale
of 50 V/div.

2) the simple concept for mitigation, which implicates a di-
rect injection for a certain current to minimize the current
and voltage distortion generated by nonlinear loads, in ad-
dition to its capability for simple extraction and efficient
compensation for the reactive components; whereas, this
simple mitigation concept does not exist in the vector con-
trol scheme utilized for the operation of the STATCOM or
DSTATCOM to mitigate the fluctuation of the arc furnace
[12], [13].

VI. CONCLUSION

The derived formulas of the steepest decent method prove
its ability to extract and track the disturbance components of
the current fluctuation. Also, the utilization of the Yule–Walker
equation improves the convergence of the developed technique,
which guarantees the stability and reliability of the proposed ex-
traction technique. The presented disturbance extraction tech-
nique performs well for the current fluctuation compared to
the common techniques for the same applications. The experi-
mental results of the developed technique affirm the practicality
and its capability to compensate for the current fluctuation of
nonlinear loads, such as arc furnaces.

APPENDIX A

Formulation of the adaptive notch filter.
The recursive adaptive notch is developed in this part. The

transfer function of the notch filter is written as follows:

(17)

where , , is an input signal
at a particular iteration , is the filter output signal at the
same current iteration , and is a sampling time. To obtain ,
the recursive maximum likelihood is implemented in the filter
equation (17). Consequently, the main iterative loop is summa-
rized as follows:

(18)

where is the output of the filter at the previous iteration,
and is just an intermediate variable at the current iteration

(19)

(20)

where is a priori predicted output at the current iteration

(21)

where is a gain factor, and is a forgetting factor
which reduces the dependency of the updating process on the
old samples.

(22)

where is the estimated value at the current iteration

(23)

where of (23) is a posteriori predicted output and is used
in (18) in the next iteration

(24)

(25)

Some parameters are defined as ones, and some vari-
ables, such as , , , , are given as

The iterative loop [(18)– (23)] is implemented to track the fre-
quencies. Finally, the frequency of the flicker disturbance is ob-
tained by

(26)

APPENDIX B

The arc furnace model of [26] is listed as follows:

(27)
Given the following:

(28)
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The final arc resistance is given by

(29)

The parameters of the arc furnace model are

m

kA

random selection random selection.

APPENDIX C

This appendix gives some important parameters of the simu-
lation and experimental setup.

For vector control- based simulation results:
• for PI in the q-ref. loop, 1.25, 0.625;
• for PI in , 0.125, 0.0115;
• for PI in the p-ref. loop, 0.1, 0.05;
• 10000 V;
• hysteresis band 5% of the maximum peak current.
For steepest decent-based simulation results:
• 0.05;
• 10;
• 400.
For experimental results:
• the power switch is IRF 830;
• the hysteresis band 10% of the maximum peak current;
• the sampling frequency for DSP 6.4 kHz;
• L(filter) for the hysteresis circuit is 1.56 mH;
• C(filter) for the hysteresis circuit is 440 F;
• 24 V;
• program platform is eZdsp-LF2407A.
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