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Abstract— This paper describes how to calculate the dif-
ferent harmonic sequences that should be filtered with a
shunt selective active filter, for two control alternatives: load
current measurement or line current measurement. These
results are then generalized for shunt hybrid selective fil-
ters. Passive parameters are chosen considering the reso-
nances with the electric system that appear. Design basis
are defined in order to obtain a minimum cost filter which
also meet the applicable regulations requirements. Finally,
results showing the potentiality of the selective filter con-
trolled for the proposed methods are reported.

Keywords— Hybrid selective active filter, arc furnace, pq
theory

I. INTRODUCTION

N the last decades, the evolution of two aspects concern-

ing power systems has created conditions for a more ex-
tended use of active filters. A first aspect is related to power
semiconductor device development. Converters capable of
synthesizing voltages and currents with an adequate band-
width for harmonic current compensation at MVA - level
systems are now available at competitive prices. The other
aspect is the gradual application of regulations limiting the
generation of harmonic currents by the customers.

Active filters are ideally suitable for filtering localized
harmonic currents in a guided way , this allows to apply
the concept ”you dirty, you clean”. This concept cannot
be applied using conventional passive filters. In the same
way, active filters allows to eliminate some of the problems
of passive filters such as poor tunning due to dispersion
of their characteristic parameters and resonances with the
impedance of the surrounding electrical network which may
appear.

Among the different methods for controlling active fil-
ters, the use of pq theory (active and imaginary power) [1],
has demonstrated to be specially suitable. In particular,
it has been used for separating the residual harmonics and
thus eliminating (as theory indicates) or reducing (as it re-
sults in practice) the harmonic distortion. For the control
of selective active filters several works use the SRF method
(Synchronous Reference Frame) [2] [3] [4] [5] [6] which is
definitively a particular case of applying the pq method
with harmonic voltages as references.

The question of why canceling the harmonic distortion
if the regulations does not require that; is presented and
answered in [7]. The results of this first work [7], start
from an active shunt filter, and a minimum cost active fil-
ter is should be compensated. The results obtained might
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be accepted by the applicable regulation, except for some
harmonics that are difficult to reduce with this strategy.
The question if better results could be achieved if each one
of the harmonics is reduced in a controlled way in order
to adjust exactly to the regulation arises naturally. One
answer to this question is the use of selective filters. An-
other answer is related to how much each individual har-
monic should be reduced in order to comply exactly with
what the regulation demands, but minimizing the active
filter cost. Previous works have indicated the convenience
of using hybrid filters in several topologies in accordance
with the searched requirements [8] [5]. From the economic
point of view, it is convenient to reuse the existing reactive
compensation capacitors. These capacitors are, in most of
the cases, the cause of resonances with the electric system,
and making the incidence of the harmonics injected into
the electric system even worse.

II. CONTROL AND CALCULATION METHODS

As exposed in [9] there are three ways of controlling a
shunt active filter: measuring the load current method,
measuring the line feeder current method or measuring the
voltage in the point of common connection (PCC) of the
load. A comparative study of the first and the second meth-
ods will be done here. These two methods will be named
C (load) and L (line) respectively. In fact, method C is a
compensation (feedforward) so it should not present ma-
jor stability difficulties. This is not true for the method L
because being a feedback system the stability must be ana-
lyzed carefully. A fundamental element of control strategy
is the basic filter selective cell (BFSC) [10] represented in
Fig. 1. The BFSC is capable of identifying and separat-
ing in real time a certain individual harmonic sequence of
a certain current. The calculations presented in [10] are
based on pq theory [1], equivalent to SRF method as also
demonstrated in that paper. As a main result, it can be
concluded that BSFC presents for the positive harmonic
sequences a transference between the input -i¢ or ir- and
the output ip that can be expressed as —G(w — w,), being
G(w) the transference of an ideal low pass filter and w,
the frequency of the positive sequence carrier signal used
for modulate and demodulate. If a negative harmonic se-
quence is used as a modulating and demodulating signal,
the result becomes —G(w + w.). Fig. 1 also establish the
signs convention adopted. The aim of a selective filter is
controlling at will, how much of the load current is injected
in the line, taking the selective filter the difference. Fig. 2
shows the ideal transference Gpo(w) = ir(w)/ic(w) that
might be obtained from a generic selective filter, being f;



Fig. 1. Basic filter selective cell: BFSC
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Fig. 2. Ideal transference G = iy /ic, —G¢ = ir/ic and -G =
ir/ir

the frequency of the network (50 or 60 Hz). Notice that
the active filter must not take anything of this frequency.
In the example of Fig. 2 the purpose is to filter all the
second harmonic, part of the third harmonic, nothing of
the fourth harmonic an almost all the fifth harmonic, etc.
Taking into account that i, = ic + ip, we will define the
transferences i p(w)/ic(w) = —G¢ (C control method) and
irp(w)/ip(w) = =G (L control method). For the exam-
ple of Fig. 2 those transferences are shown in the same
picture. Then the transferences Gpo(w) = ir(w)/ic(w)
become 1 — G¢ and 1/(1 + G) for the C and L methods
respectively.

Coming back to the BFSC, in [10] two possible methods
of calculation are established, SERIES (S) and PARALLEL
(P). Top of Fig. 3 shows the S calculation alternative for C
control method. Starting from the right of the diagram, the
first BFSC applied to the given load current ic, extracts
the harmonic sequence ipo from ic. The second BFSC is
applied to the resulting current ic — ipo and current ipg
is extracted and so on. The total transference of the C-S
alternative is shown in (1) where Ga, Gs, .., Gy, are the low
pass filters of each BFSC.

ir(w)/ic(w) =[1 — Ga(w — w3)]...[1 = G (w — wy,)] (1)

On the other hand, bottom of Fig. 3 shows the alternative
P calculation using C control. The deduction of the trans-
ference in this case is trivial because all the BFSC have as
input data the same given load current ic. For the C-P
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alternative the transference is therefore:
ir(w)/ic(w) =1—-Ga(w —wg) — ... — Gp(w — wy,) (2)

In the case that the low pass filters G; are ideal, it is easy
to conclude that both methods will give the same results.

Fig. 4 shows the reason for why the C-S alternative is
better than the C-P alternative as the interference between
the band pass filters is less in the S case than in the P case.
In that diagram two equal band pass filters G; and G,
have been taken. The fact that in the S case the value
of the gain is 0 in w; and also in w, and A2 closer to 1
in wp, determines that method S is better than P. As it
will be shown in the results ahead, the difference makes
the P method inapplicable. With respect to the other con-
trol method which feeds back the line system current (L),
a strategy of calculation S or P can also be established.
For example, in Fig. 5 the scheme of S method is shown;
this diagram must be analyzed starting from left to right.
Again, the consecutive BFSCs receive as input the outputs
of their predecessors. Hence the total transference of the
L-S alternative is given by:

1 1
1+ Ga(w—w2) 1+ Go(w — wpy)

(3)

ir(w)/ic(w)

Similarly, it can be established that the transference for the



Fig. 5. L — S method
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Fig. 6. Hybrid shunt active filter

L-P alternative is:

1
1+ Ga(w —w2) + o + G (0 — wyy)

ir(w)/ic(w) (4)
In the case of having an ideal G; it can be seen that the
transferences will be equal again, but if the L-S method
is compared with the L-P method, a symmetric result is
obtained: P method is significantly better than S when the
line current is fed back.

III. HYBRID ACTIVE FILTER

As it has already been said, the alternative of using
active-passive hybrid filters should be considered. On one
hand, in some cases, it is possible to reduce the size of the
active filter in comparison with the utilization of a pure
shunt active filter. But facing a real application in which
a passive filter exists, or the reactive compensation capac-
itor is intended to be used in order to lower the invesment
costs, an hybrid filter like the one shown in Fig. 6 is a
natural option. In order to generalize the calculations, the
shortcircuit impedance of the installation site where the
active filter will be placed will be taken into account. This
impedance, as it will be shown in the studied example, is
reduced to the shortcircuit impedance of the HV power
transformer connecting the service. The diagram of Fig.
7 models the elements of the system that is going to be
analyzed. Zpp is the series impedance of a capacitor Cpp,
an inductance Lpr and a resistance Rpg. Zj, corresponds
to an inductance L.
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Fig. 7. Generic system model with an hybrid shunt filter

Fig. 8. Norton equivalent generic model

Fig. 8 results from replacing the Norton equivalent of
the hybrid filter. Equations (5), (6) and (7) represent the
dynamic of the circuit. The system control takes the ref-
erence current (i¢ or iy, depending on the control method
C or L) and must determine the voltage Uap. This trans-
ference is defined as Z., shown in (8) or (9) if the control
is C or L respectively.

. Ur ) Zr 1
= Z+ Zprp _ZCZLJFZPF _UAFm (5)
= Zr ZLZPF e ZL%FPZPF ~Uar Zr +IZPF (6)
ip =ic+iF (7)
Uarp = Zeg X ic (8)
Uar = Zeq X iy, (9)

Hence, replacing these definitions, (10) and (11) are ob-
tained for the C control method and (12) and (13) for the
L control method. Considering that Uy, = 0 for all the
harmonics different from the first one (pure sinusoidal volt-
age); (11) and (13) can be written as (14) and (15) which
represents the generic transferences of the C and L control
methods respectively.
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Fig. 9. C-P and C-S methods
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The possibility of making the S or P calculations arises
here again. Top of Fig. 9 shows how, in the C-P case, the
voltage Usp can be considered as the sum of the voltages
U AF; calculated for each harmonic sequence by the BFSC
modules. Then, it is possible to operate in accordance to
(16), which determines the equality (17). This equation
substituted in (14) determines that the transference for the
C-P alternative is the one shown in (18).

Uar =Y Unri =Y Zegiic =ic Y Degi = icZeq

(16)
Zog =Y Zegi (17)
i Zzeqi
ip (-
iz:( HZZPLF ) (18)

Zpr

Then, for the of C-S method calculations it can be seen also
on the bottom of Fig. 9 that the analysis must start from
right to left. The first BFSC module calculates the current
injected by the active filter for this first sequence (19); this
current together with the initial current ¢ determines the
input current iz for the rest of the circuit at the left; and it
will be the input current of the second BFSC. In this way it
is possible to arrive to the expression for iy, in (20). Then
the total current of the Norton model current sources is
the one shown in (21). Finally, only Z., as defined in (8)
remains to be identified. Operating (22) is obtained, which
substituted in (14) results in the final transference for the
C-S method as shown in (23).
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Similar methodology analysis can be applied to the L-
control alternatives for the P or for the S calculation meth-
ods showed in (24) and (25) respectively.
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It is possible to conclude which are the benefits of C-S
method in comparison with C-P method and the ones of
L-P method in comparison with L-S method. The main
difference between the study shown in section II and the
last result, is the appearance of the passive system transfer-
ence, consisting of Zy, and Zpp. As it will be shown later,
these passive elements play a fundamental role when decid-
ing what is going to be filtered with the hybrid filter active
element. If, for example, the transference of the C-S sys-
tem is analyzed, it can be seen that if the requirement is to
eliminate a given harmonic sequence from the line current,
Zeqi/Zpr must be a band pass filter of unitary amplitude.
The denominator Zpr is associated with the real active fil-
ter real implementation with a voltage inverter (VSI). The
VSI will have to cope with the impedance Zpp to impose
the active filter current which compensates the harmonic
current that is desired to be eliminated from the line.

IV. PASSIVE SYSTEM Zj — Zpp TRANSFERENCE

As it has already been determined the passive system
current transference is:

i 1
== 26
ic 1+ 2L (26)

ZpFr

This transference has a zero at fpp resonance frequency
and a pole at the resonance frequency fr of the sys-
tem formed by the Zpp filter and the line shortcircuit
impedance Z;. As it has been said, a common circum-
stance is to meet systems where Cpp already exists -being
Cpr the system reactive filter- so the original system al-
ready has a transference that presents an undesirable res-
onance at a frequency we will call f,. Then fpp, fr and
fo are expressed by:

1 1
frr= %\/TF Tom (27)
1 1
S 28
Ir 277\/CPF(LPF +Lp) (28)
1 1
fo= oo (20)
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Fig. 10. Original and final passive transference ir, /ic.

Fig. 10 shows the behavior of those transference where it
was chosen a given quality factor Qpp for the Zpp filter, a
final resonance at fr = 6.5f; = 325H 2z and with a original
resonance at f, = 9.7f; = 483Hz. The dependence of
fpr from fr and f, is calculated using (27), (28) and (29).
This dependence is expressed in (30). If the frequencies
are normalized to the first harmonic system frequency fi
then (31) is obtained, which results in the graph of Fig. 11.
Then it can be concluded that:

o Frequency fr will always be smaller than f,

o As fg gets closer to f,, frequency fpr tends to infinite

o fr is always smaller than fppr

o When fr passes from being less than fr = f,/v/2 to
being larger, fpr passes from being less than f, to being
larger than f,.

e It is convenient to choose fr in interharmonics values
in order to minimize its resonance effects, and to try that
the value of fpr belongs to the spectrum zone where the
content of undesirable frequencies is high in order to reduce
them with the passive filter

1
J‘mw:fpz,/il_(%)2 (30)

frr _fr|_ 1
fi f 1—(%%)2 (81)

V. STUDIED CASE

The real case presented is a load consisting of an indus-
trial arc furnace whose fundamental elements are shown in
Fig. 12. In [7] a shunt active filter connected to the 150
kV bus bar was designed. In this work, an hybrid active
shunt filter to be connected to the 31.5 kV bus bar is pre-
sented. The costs associated with a 150 kV design, and, as
it will be seen later, the resonance between the 150/31.5 kV

|f1=50Hz fo = 9.7xf1 = 483Hz } 12
R O u
fR=fo / sqrt(2) = 6.8xf1 = 341Hz | || ittt 10
fPF = fo T Z _
7 =T 3
. 3
/r/ [
il 6 o
..... 5 ~
AAAAA 2 Iﬁl:
.,/ TPE<fo LT HfPF>fo | 3 )
<10 F—F= 1 T
| R [ 1
1] I
0 1 2 3 4 5 6 7 8 ; 9 ‘
R =fo
fR/T1 [pu] ASYMTOTE

Fig. 11. Relations between fpg, fr, fo and f1
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transformer shortcircuit impedance and the reactive com-
pensation capacitor, suggest to attempt to attenuate this
resonance with the low design hybrid filter. The graph of
Fig. 10 was calculated with the values of the studied real
system, so the resonance at f, = 9.7f; = 483H z frequency
is a problem to be solved.

In Fig. 13 a record of the original current iy and ic
normalized to the 150 kV level is presented. Fig. 15
shows their respective harmonic distortions normalized to
the contract nominal current, as the reference regulation
[11] demands. The effect of the resonance mentioned above
at f, can be noticed. In the same graphic the maximum
allowed values are included, so it can be said that if the
arc furnace were connected directly to 31.5 kV it will al-
most comply with the regulation since total distortion will
be 14% a little bit above the admitted 12%. The capaci-
tor Cpr is at 31.5 kV, and is responsible with Z;, for the
resonance problem.

The goal of this design is to obtain a minimum cost hy-
brid active filter which make the current 77, at 150 kV level
to comply with the regulations which were taken as refer-
ence [11]. As it has been presented in [7], where statisti-
cal considerations and arc furnace weekly work regime are



brought together, our problem reduces to the fact that with
the current i of Fig. 13 the final current i;, must have a
total harmonic distortion of 12% and the permitted limits
for each individual harmonic are not exceeded.

A. Calculation and control strategy selection

With the minimum cost goal, the option C developed in
this work is chosen because it is more simple and it is also
quite representative of the concept ”you dirty, you clean”.
Line current iy, feed back options are more interesting to
eliminate given harmonics, but they make the active fil-
ter to work for compensating eventual deviations from the
ideal waveform of the feeding voltage of the system. If the
power mains is not ideal and therefore injects harmonics in
the system, we would have a negotiation element in front of
an eventual penalization of who offers the electric service.
With respect to the calculation method, the alternative of
series calculations (S) is used, since its advantages have
been demonstrated above.

B. Passive filter selection

Lpr is determined by choosing the frequency fr where
the resonance will be, and which frequencies can be atten-
uated placing the zero at the frequency fpg of the trans-
ference iy, /ic. Looking at the graph in Fig. 11 and the
distortion of ¢¢ shown in Fig. 15 it is possible to arrive
quickly to the choice of fr = 6.5f; = 325Hz (interhar-
monic selection) making that fpr = 8.8f1 = 439Hz. Con-
cerning to the choice of Rppr a low resonant filter quality
factor Qpr = w1 Lpr/Rpr of 10 was used.

C. Optimum selectivity

The need of knowing which and how much each harmonic
sequence has to be compensated arises. Initially, the choice
was to act up to the 10th harmonic order, so there are 18
harmonic sequences as candidates (42 -2 +3 -3 ..+10 -10).
Remembering the aim of having a minimum cost active fil-
ter, it must be intended that its inverter takes the minimum
possible instant current, so if it is assumed that every com-
pensation current are in phase, it can be said that the aim
is to minimize ) ip;. The other restriction when search-
ing the optimum is that the total harmonic distortion is
12% at 150 kV bus bar, so this expression must be eval-
uated including the passive filter transference. Because of
space reasons, it is impossible to present here the develop-
ment of this optimization and it will be presented in future
works. The obtained result comprises 100% of compensa-
tion for the second sequences, 20% for the third, 50% for
the fourth, 25% for the fifth, 100% for the sixth, 25% for
the seventh and no compensation for the eighth, ninth and
tenth.

VI. RESULTS

Fig. 14 shows the result of the complete simulation ob-
tained by applying the pre calculated compensation using
C-S control and calculation strategy, whose transference
was showed in (23). Fig. 15 shows relevant currents fre-
quency spectrum. It can be noticed that the final current,

Original current iL at 150kV
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1 I I I I I I
100 120 140 160 180 200 220 240 260 280 300

Load current iC al 31.5kV normalized to 150kV
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Fig. 13. Original records of line current ¢;, and load current ic
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Fig. 14. Hybrid active filter current i and final line current i,

after applying the filter, has all its individual harmonics
below the accepted maximum and that the total distortion
is 12% (distortions are measured values in the 15 net cycles
of the record). Notice how the filter also takes the reactive
compensation current.

In Fig. 16 is shown the transference in steady state of
the control system and it can be appreciated how calcula-
tion method S is better than P. The results in real time
simulations (Fig. 14) shows that the system responds to
this transference, in spite of the absence of periodicity in
the recorded real current used as system input.

VII. CONCLUSIONS

The theory associated with two of the possible control
alternatives, which feeds back the load current -C- or the
line current -L-, has been presented. Having the goal of
accomplishing a selective filtering, it has been shown how
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the two calculation alternatives ”series -S- and parallel -
P-” arise, showing that S is better in C case meanwhile P
is better in L case. The influence of the passive elements
of the hybrid active filter and the line has been shown,
establishing the selection criteria for the filter parameters
in order to obtain selective filtering. There were established
selection criteria for the control and calculation strategies,
in the case of designing a minimum cost filter adapted to
a load as an arc furnace which also fulfils the applicable
regulations emphasizing that the concept ”you dirty, you
clean” must be followed. Finally, the simulation results
that show the potentiality of the selective hybrid filtering
are reported.
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